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Background: The function of the CutA divalent cation tolerance homolog (Escherichia coli) (CUTA) is largely unknown.
Results: CUTA has several isoforms, and the longest interacts with BACE1, regulates intracellular trafficking of BACE1, and
affects A� generation.
Conclusion: CUTA is a novel BACE1-interacting protein and regulates the �-cleavage of APP.
Significance: CUTA may play a role in Alzheimer disease.

Accumulation of the neurotoxic �-amyloid (A�) peptide in
the brain is central to the pathogenesis of Alzheimer disease. A�
is derived from the �-amyloid precursor protein (APP) through
sequential cleavages by �- and �-secretases, and the production
of A� is greatly affected by the subcellular localization of these
factors. CUTA, the mammalian CutA divalent cation tolerance
homolog (E. coli), has been proposed tomediate acetylcholines-
terase activity and copper homeostasis, which are important in
Alzheimer disease pathology. However, the exact function of
CUTA remains largely unclear. Here we show that human
CUTAhas several variants that differ in their N-terminal length
and are separated as heavy (H) and light (L) components. The H
component has the longest N terminus and is membrane-asso-
ciated, whereas the L component is N-terminally truncated at
various sites and localized in the cytosol. Importantly, we dem-
onstrate that theH component of CUTA interacts through its N
terminus with the transmembrane domain of �-site APP cleav-
ing enzyme 1 (BACE1), the putative �-secretase, mainly in the
Golgi/trans-Golgi network. Overexpression and RNA interfer-
ence knockdown of CUTA can reduce and increase BACE1-me-
diated APP processing/A� secretion, respectively. RNA inter-
ference of CUTA decelerates intracellular trafficking of BACE1
from the Golgi/trans-Golgi network to the cell surface and
reduces the steady-state level of cell surface BACE1. Our results
identify the H component of CUTA as a novel BACE1-interact-
ing protein that mediates the intracellular trafficking of BACE1
and the processing of APP to A�.

The formation of senile plaques and neurofibrillary tangles
are two major pathological hallmarks of Alzheimer disease
(AD).2 Senile plaques are extracellular deposits of fibrillar
�-amyloid (A�) peptide, a proteolytic product of �-amyloid
precursor protein (APP) (1). Neurofibrillary tangles are intra-
cellular bundles of self-assembled paired helical filaments com-
posed of hyperphosphorylated microtubule-associated protein
Tau (2). Multiple lines of evidence suggest that a primary cause
of AD pathogenesis is the overproduction/excessive accumula-
tion of A�, which triggers a cascade of neurodegenerative steps,
including the formation of senile plaques and intraneuronal
fibrillary tangles and neuronal loss in susceptible brain regions
(3). Amyloidogenic A� peptide is proteolytically derived from
APP within the secretory pathway by distinct enzymatic activ-
ities known as �- and �-secretase cleavages (3). Therefore, reg-
ulation of these enzymes through their expression level, enzy-
matic activity, and/or subcellular localization may affect the
level of A� and be useful in potential therapeutics for AD.

The putative �-secretase, �-site APP cleaving enzyme 1
(BACE1), is a novel membrane-bound aspartyl protease con-
taining a single type I transmembrane domain near its C termi-
nus (4–7). Cleavage of APP by BACE1 is the first step leading to
A� generation, and BACE1 activity is thought to be the rate-
limiting factor in A� production. BACE1 deficiency can rescue
memory deficits and cholinergic dysfunction in an AD mouse
model (Tg2576), correlating with a dramatic reduction in
A�40/42 levels (8–10). Significantly, several studies show that
BACE1 levels and activity are elevated in the brain regions
affected by AD (11, 12), suggesting that BACE1 may be a good
therapeutic target. Optimal BACE1 activity requires an acidic
environment; as expected, BACE1 is primarily localized in the
Golgi, trans-Golgi network (TGN), and endosomes. BACE1 is
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also found on the cell surface (5, 13–15). However, the detailed
mechanisms regulating BACE1 trafficking and activity are not
well understood.
The mammalian CutA divalent cation tolerance homolog

(Escherichia coli), CUTA, was discovered in a search for the
membrane anchor of acetylcholinesterase (AChE), an enzyme
that degrades acetylcholine and an important target for inhibi-
tion during AD treatment (16). Although it was later deter-
mined that CUTA does not directly interact with AChE and
that the real membrane anchor protein of AChE is PRiMA (17),
mouse CUTA was recently found to affect the processing and
trafficking of AChE (18). The CUTA protein forms trimers
through a region of �100 residues that is strongly conserved
from bacteria to vertebrates. The trimeric core is preceded by a
region of variable length with several variants inmammals (19).
In bacteria, CutA is involved in copper tolerance, and some
mutations in the cutA gene lead to copper sensitivity due to its
increased uptake (20). Additional studies showed that many
CutA proteins have a copper binding capacity and that copper
could induce reversible aggregation of the CutA protein (21,
22). Furthermore, the trimeric core of CutA is also homologous
to that of the intracellular signal transduction protein P-II,
implying a role in signal transduction (21). However, the exact
functions of the mammalian CUTA protein, especially human
CUTA, remain largely unclear.
In this study we show that human CUTA is expressed in

various forms. Importantly, we find that the longest CUTA iso-
form can interact with BACE1 and regulate BACE1 intracellu-
lar trafficking, thereby mediating APP processing and A�
generation.

EXPERIMENTAL PROCEDURES

Cell Culture, Vectors, Small Interfering RNA (siRNA), and
Transfection—Human embryonic kidney HEK 293T cells,
HeLa cells, and human neuroblastoma SH-SY5Y cells were
maintained in DMEM (Mediatech, Manassas, VA) supple-
mented with 10% fetal bovine serum (Hyclone, Logan, CT).
HEK cells stably expressing human APP Swedish mutants
(HEK-Swe) were maintained in DMEM (Mediatech) supple-
mented with 10% fetal bovine serum and 0.4 mg/ml G418
(Omega Scientific, Tarzana, CA). Cells were transiently trans-
fected with pcDNA, BACE1, CUTA, APP, Nicastrin (NCT),
and various truncated/mutated BACE1 and CUTA vectors (for
more information on vectors used in this study please see sup-
plemental Fig. 1) usingTurbofectTM (Fermentas Inc., GlenBur-
nie, MD) following the manufacturer’s protocol. For RNA
interference (RNAi), to down-regulate human CUTA expres-
sion, three CUTA targeting siRNAs (1, 5�-TGAGGTGCT-
GATGATGATTAA-3�; 2, 5�-GCGTCAACCTCATCCCTCA-
GATTAC-3�; 3, 5�-GTAATCTGAGGGATGAGGTTGA-
CGC-3�) and a scrambled control siRNA (Invitrogen) were
transfected into cells using Lipofectamine RNAiMAX reagent
(Invitrogen) following the manufacturer’s protocol.
Western Blot and Antibodies—Treated cells were lysed in a

lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM sodium chloride,
5 mM EDTA, 1% Nonidet P-40, supplemented with a protease
inhibitor mixture). Equal protein amounts of cell lysates were
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) followed by Western blot as indi-
cated. Antibodies used here include a rabbit polyclonal anti-
body against human CUTA (R-CUTA) that was developed by
immunizing the rabbit with a recombinant CUTAprotein lack-
ing the first 42 amino acids (based on CUTA isoform 1 num-
bering) and rabbit polyclonal antibodies 689 against BACE1
(23), Ab14 against PS1 N-terminal fragment (NTF) (24), 369
against APP C-terminal fragment (CTF) (25), and 716 against
Nicastrin (26). The mouse monoclonal antibody 3D5 against
BACE1 was a gift from Dr. Robert Vassar. Mouse anti-�-tubu-
lin, mouse anti-�-actin, and mouse anti-HA antibodies were
from Sigma. The mouse monoclonal anti-Myc antibody 9E10
was from Invitrogen. The mouse monoclonal antibody 6E10
against human A� and a rabbit polyclonal antibody against
sAPP� were from Covance (Princeton, NJ). Anti-ADAM10,
anti-TACE and anti-GAPDH antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA).
RNA Isolation andQuantitative Real-time Polymerase Chain

Reaction (RT-PCR)—Total RNA was extracted using TRIzol
reagent (Invitrogen). SuperScript First-Strand kit (Invitrogen)
was used to synthesize cDNAs. RT-PCRwas carried outwith an
ICycler instrument (Bio-Rad) using the IQTM SYBR Green
supermix (Bio-Rad). Primers used for human CUTA were
5�-CCTGCGTCAACCTCATCCC-3� and 5�-GCAATTAC-
CTCGGCCACTTC-3�. A pair ofGAPDH primers was used for
control (27).
Co-immunoprecipitation—HEK 293T cells transfected with

various vectors as well as human brain tissues were lysed in lysis
buffer. Equal protein amounts of cell lysates were incubated
with normal rabbit IgG or indicated antibodies together with
Trueblot IPTM beads (eBioscience, SanDiego, CA) at 4 °C over-
night. Immunoprecipitated proteins were analyzed byWestern
blot.
Cell Surface Biotinylation—Treated cells were washed with

ice-cold phosphate-buffered saline containing 1 mM each of
CaCl2 and MgCl2 and incubated at 4 °C with 0.5 mg/ml Sulfo-
NHS-LC-biotin (Thermo Scientific, Rockford, IL). Cells were
then lysed, and lysates were affinity-precipitated with strepta-
vidin-agarose beads (Thermo Scientific). Biotinylated proteins
were subjected to Western blot analysis.
BACE1 Activity Assay—The in vitro activity of BACE1 was

assayed using a commercial kit (Sigma) following the manufac-
turer’s protocol.
Pulse-Chase and Biotinylation Analysis—293T cells trans-

fected first with BACE1-HA and then with CUTA siRNA or
scrambled control siRNA were starved for 30 min and labeled
by [35S]methionine (100 �Ci/ml) for 15 min at 37 °C. After
washing with phosphate-buffered saline, cells were chased in
normal growth medium at 20 °C for 2 h to accumulate labeled
proteins in TGN. Cells were then incubated for various times at
37 °C. At the end of each chase time, cells were biotinylated at
4 °C. Cell lysates were affinity-precipitated by streptavidin-aga-
rose beads (Thermo Scientific), and biotinylated cell surface
proteins were eluted with 2% SDS. After dilution with a Triton
X-100 containing buffer, eluted proteins were immunoprecipi-
tated using an anti-HA antibody, separated on SDS-PAGE gels,
and analyzed by autoradiography.
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Membrane Fractionation—Membrane fractionation assays
were carried out as described previously with some modifica-
tions (28). Briefly, treated 293T cells were washed with phos-
phate-buffered saline, collected with homogenization buffer
(10mMTris, pH 7.4, 1 mM EDTA, 200mM sucrose, 1 mM phen-
ylmethylsulfonyl fluoride), and homogenized by 10 passages
through a 25G 7/8 needle (BD Biosciences). Samples were cen-
trifuged at 900 � g for 10 min to remove cell debris and nuclei.
Supernatantswere centrifuged at 100,000� g for 60min at 4 °C.
After transferring the supernatant (cytosol) to a new tube, the
pellet was resuspended in 100 mM NaHCO3 buffer, pH 11.3,
incubated on ice for 30 min, and centrifuged at 100,000 � g for
60 min at 4 °C. The pellet was washed and resuspended with
lysis buffer.
Immunostaining—HeLa cells were transfected with the indi-

cated vectors for 24 h. Cells were fixed in 3.7% paraformalde-
hyde, permeabilized, blocked in 5% bovine serum albumin, and
then incubated with antibodies against Myc, HA, TGN46
(Novus Biologicals, Littleton, CO), EEA1 (BD Biosciences),

and/or LAMP2 (Santa Cruz Biotechnology) for 1 h. Cells were
then incubated with Alexa Fluor 350, 488, and 594-conjugated
secondary antibodies. Specimens were examined under a
Decon microscope.

RESULTS

Human CUTAHas Various Forms That Localize to Different
Subcellular Compartments—The human CUTA gene is
reported to have five variant transcripts that encode three pro-
tein isoforms (Fig. 1A). The longest CUTA isoform (isoform 1)
has 198 amino acids. CUTA isoform 3 has a different N termi-
nus than that of isoform 1, but the two share an identical
sequence at the C terminus. CUTA isoform 2 is completely
contained within isoform 1 and isoform 3 and starts at a down-
stream methionine at position 43 (numbered according to iso-
form 1). In addition, another methionine codon at position 63
(Met-63), shared by all three CUTA isoforms, possibly serves as
another translation start site, as its corresponding codon in the
mouse cuta gene has been found to be a translation start site

FIGURE 1. Human CUTA has several variants that can be separated into heavy and light components. A, alignment of the three known human CUTA
isoforms is shown. Identical amino acids shared by the three isoforms are highlighted in gray. Potential translation initiation methionine sites are indicated by
triangles. B, HEK 293T cells were transfected with control pcDNA, N-terminal tagged CUTA (Myc-CUTA), C-terminal tagged CUTA (CUTA-Myc), C-terminal
Myc-tagged CUTA with methionine 1 mutated to leucine (M1L), methionine 63 mutated to leucine (M63L), or methionines 43 and 63 mutated to leucines
(M43L, M63L), and C-terminal Myc-tagged CUTA that had amino acids 1– 62 of its N terminus truncated (63–198). After 44 h, culture media was changed to fresh
media. After another 4 h, conditioned media was collected, and cells were lysed. Equal protein amounts of cell lysates and equal volume amounts of
conditioned media were subjected to SDS-PAGE and Western blot (WB) using the Myc antibody 9E10. C, cells were transfected with pcDNA or non-tagged
CUTA (CUTA-NT) (left panel) or transfected with control siRNA or CUTA siRNA 3 (right panel). Equal protein amounts of cell lysates were subjected to SDS-PAGE
and Western blot using the R-CUTA antibody. D, lysates containing equalized amounts of protein from cells transfected with control siRNA or CUTA siRNA 3
were incubated with the R-CUTA antibody for immunoprecipitation (IP). Immunoprecipitated proteins were analyzed by Western blot using the same
antibody.
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(18). It has previously been shown that mouse cuta variants are
initiated at three in-frameATG codons, and their encoded pro-
teins can be separated as heavy and light components by SDS-
PAGE (18).
To characterize human CUTA, we overexpressed human

CUTA isoform 1 with a Myc tag at either the N or the C termi-
nus in HEK 293T cells. SDS-PAGE and Western blots with a
Myc antibody detected only one band in cells transfected with
Myc-CUTA. This band has a molecular mass of about 22 kDa
that is consistent with full-lengthCUTA (including theMyc tag
and linker sequence) (Fig. 1B). In cells transfected with CUTA-
Myc, there were two bands detected at 24 kDa (heavy compo-
nent (H)) and 17 kDa (light component (L)) (Fig. 1B); the
molecular mass of the H component is consistent with that of
full-length CUTA (including theMyc tag and linker sequence).
Because the translation of mouse cuta can be initiated at

different methionine codons (18), we also assessed the use of
various methionine codons for translation in human CUTA by
mutagenesis studies. As shown in Fig. 1B, when methionine 43
was mutated into leucine (M43L), or both methionines 43 and
63weremutated into leucines (M43L,M63L), the generation of
the L component of CUTA was greatly reduced. When methi-
onine 1 was mutated into leucine (M1L), there was no genera-
tion of the H component of CUTA but a strong generation of
the L component whosemolecularmass was the same as that of
CUTA-(63–198) (Fig. 1B and supplemental Fig. 2). These
results are consistent with the findings in mouse cuta and sug-
gest that human CUTA translation can be initiated at different
sites, methionines 1, 43, and 63. Furthermore, in cells overex-
pressing CUTA-(43–198)/isoform 2, the isoform thought to
represent CUTA because of its conservation among the three
known isoforms (29), both CUTA-(43–198) and CUTA-(63–
198) were detected, with the latter showing a higher expression
level (supplemental Fig. 2), suggesting that methionine 63 may
be a major initiation site for the L component of CUTA. Alter-
natively, it is possible that the L component of CUTAmay also
be derived through cleavage of the H component, as proposed
previously (18, 29). We also found that mutations of M43L and
M63L did not completely abolish the generation of the L com-
ponent (Fig. 1B). However, based on themolecular mass differ-
ence between the H and the L components, cleavage of CUTA
should also generate an N-terminal fragment with a molecular
mass of about 7 kDa, and this was not observed in cells trans-
fected with Myc-CUTA (Fig. 1B). One possible explanation is
that the generated N-terminal fragment may be quickly
degraded and/or cleaved into smaller fragments and thus can-
not be detected. Nevertheless, our results demonstrate that
humanCUTAhas various forms that can be separated asH and
L components. The H component represents CUTA that is
translated at methionine 1, and the L component includes
mostly CUTA isoforms translated at methionines 43 (i.e.
CUTA isoform 2) and 63, and a small fraction of CUTA cleav-
age products.
It was previously found that both theH and the L component

of mouse CUTA can be secreted into the media (18). Here we
found that both the H and L component of human CUTAwere
also secreted (Fig. 1B and supplemental Fig. 9). In CUTA-Myc-
transfected cells that express both the H and the L component,

the dominantly secreted form is the H component (Fig. 1B and
supplemental Fig. 9), suggesting that the H component is pref-
erentially secreted over the L component. Moreover, although
the expression level of Myc-CUTA was higher than that of the
H component of CUTA-Myc, the secretion of the former was
lower than that of the latter (Fig. 1B), implying that the Myc
modification of the N terminus may affect its secretion.
To study endogenous human CUTA, we developed a rabbit

polyclonal antibody against CUTA-(43–198). In Western blot
experiments, this R-CUTA antibody recognized two bands
with molecular masses of 20 and 13 kDa in human SH-SY5Y
cells transfected with control pcDNA and with non-tagged
CUTA (Fig. 1C, left panel). The intensity of the two bands in
cells transfected with non-tagged CUTA was much stronger
than in cells transfected with pcDNA, suggesting that the two
bands represent endogenous CUTA H and L components.
However, when cells were subjected to RNA interference
(RNAi) to down-regulate endogenous CUTA, a Western blot
using this antibody only showed a significant down-regulation
of the L component but not the H component of CUTA (Fig.
1C, right panel). We believe that the R-CUTA antibody recog-
nizes some nonspecific band right at the same molecular mass
as the H component of CUTA. This is supported by the finding
that the H component band intensity was much stronger than
that of the L component when detected by Western blot using
this antibody (Fig. 1C), whereas the expression of the H com-
ponent seemed to be much less than that of the L component
when detected using theMyc antibody in cells transfected with
CUTA-Myc (Fig. 1B).
To exclude potential interference fromnonspecific band rec-

ognized by the R-CUTA antibody, we carried out an immuno-
precipitation-Western blot using R-CUTA and indeed found
that this antibody immunoprecipitated the H component of
CUTA as lower levels than the L component (Fig. 1D). In addi-
tion, in cells transfectedwith different CUTA siRNAs, this anti-
body immunoprecipitated much less CUTA (both H and L
components) than that in control cells, confirming the efficacy
of RNAi in down-regulating both H and L components of
CUTA (Fig. 1D). Together, these results show that endogenous
humanCUTA is also expressed as heavy and light components.
Although it was previously found in stably transfected cells

that CUTA isoform 2, part of the L component, was localized in
the mitochondria (29), another study showed that the vast
majority of the mouse CUTA L component was in the cytosol,
whereas the H component was in microsomes (18). Herein, we
also found that the H component of human CUTA was associ-
ated with the membrane fraction, whereas the L component of
human CUTA was in the cytosol (Fig. 2). As expected, CUTA-
(43–198)/isoform 2 and CUTA-(63–198) of the L component
were found only in the cytosol (Fig. 2). However, the H compo-
nent of a C terminus-truncated CUTA form, CUTA-(1–164),
was found both in themembrane and the cytosol, whereas the L
component of CUTA-(1–164) was only found in the cytosol
(Fig. 2). Therefore, our results suggest that the H component of
humanCUTA associates withmembranes through its N termi-
nus at amino acids 1–42, and the C terminus of CUTA might
also contribute to its association with membranes, depending
on the presence of the N terminus. Moreover, when the mem-
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brane fractions were treated with NaHCO3, pH 11.3, to detach
peripheral membrane proteins from membranes, only the
membrane bound GAPDH (30), but not the CUTA H compo-
nent, was dissociated from the membrane fractions (Fig. 2 and
supplemental Fig. 3), suggesting that the H component of
CUTA is probably integrated into the membrane through its N
terminus. The small amount of CUTA L component found in
the NaHCO3 washing buffer (supplemental Fig. 3) may imply
that some CUTA L component in the cytosol is loosely associ-
ated with membranes.
CUTARegulates BACE1-mediated APP Processing—Because

both copper and AChE are potentially affected by CUTA and
play a role in AD, we next explored the possible involvement of
CUTA in AD by studying its effect on APP processing/A� pro-
duction, one of the most important events in AD pathogenesis.
Notably, when CUTA isoform 1 was overexpressed in HEK-
Swe cells, there was a significant decrease (�50%) in the level of
secreted A� (Fig. 3 A and B), accompanied by a dramatic
decrease in the level of sAPP� (Fig. 3, A and C) and APP �-C-
terminal fragments (�-CTFs) (Fig. 3, A and D), two products
derived from APP through BACE1 cleavage. These data
strongly suggest that CUTA regulates BACE1-mediated APP
processing.However, overexpression ofCUTAhadno effect on
the protein levels of full-length APP (both immature and
mature forms), BACE1, the NTF of PS1 that is an important
�-secretase component, and ADAM10 and TACE, two major
�-secretases (Fig. 3A).

To further confirm the regulation of BACE1-mediated APP
proteolysis by CUTA, we down-regulated the mRNA (Fig. 4A
and supplemental Fig. 4A) and protein (Fig. 4B and supplemen-
tal Fig. 4B) levels of endogenousCUTAbyRNAi.We found that

the levels of A� (Fig. 4, B and C, and supplemental Fig. 4B),
sAPP� (Fig. 4, B and D, and supplemental Fig. 4B), and �-C-
terminal fragments (�-CTFs) (Fig. 4, B and E) were markedly
increased upon down-regulation ofCUTA,whereas the protein
levels of BACE1, full-length APP (both immature and mature
forms), total APP CTFs, PS1-NTF, ADAM10, and TACE were
unaffected (Fig. 4B).
HComponent of CUTA Isoform 1 Interacts with BACE1—Be-

cause overexpression of CUTA had no effect on the protein
levels of BACE1, it is possible that the enzymatic activity of
BACE1 is not affected by CUTA. Indeed, our results showed
that overexpression of CUTA did not alter in vitro enzymatic
activity of BACE1 (supplemental Fig. 5). So we postulated that
CUTA may affect BACE1-mediated APP processing through
another mechanism and tested whether CUTA can interact
with BACE1. When full-length CUTA-HA was co-expressed
withBACE1,APP, orNicastrin (NCT, an important�-secretase
component) thatwere allMyc-tagged at theC terminus, immu-
noprecipitation with an HA antibody only pulled down BACE1
but not APP or NCT (Fig. 5A). When full-length CUTA-Myc
and BACE1-HA were co-expressed, the HA antibody pulled
down the H component but not the L component of CUTA
(Fig. 5B, left panels). A Myc antibody also pulled down BACE1
in cells co-expressing Myc-CUTA and BACE1-HA (Fig. 5B,
right panels). Moreover, we carried out a co-immunoprecipita-
tion study in human brain lysates and found that the CUTA
antibody R-CUTA immunoprecipitated endogenous BACE1,

FIGURE 2. The heavy component of CUTA containing the N terminus is
associated with the membrane, whereas the light component of CUTA is
located in the cytosol. Cells were transfected with pcDNA, full-length CUTA,
CUTA with N-terminal amino acids 1– 42 truncated (43–198), CUTA with
N-terminal amino acids 1– 62 truncated (63–198), CUTA with C-terminal
amino acids 165–198 truncated (1–164), or BACE1-HA. After homogenization
of cells, a small sample was used to analyze total lysates, and the rest was
subjected to centrifuge to separate the cytosolic fraction and the membrane.
The membrane pellet was rinsed with NaHCO3, pH 11.3, to dissociate periph-
eral membrane proteins and then resuspended in lysis buffer in a volume
equal to that of the cytosolic fraction. Equal volume amounts of samples were
subjected to SDS-PAGE and Western blot to detect CUTA (using the Myc anti-
body 9E10), GAPDH (to indicate membrane-bound protein), BACE1 (using an
HA antibody to indicate the membrane fraction) and �-tubulin (to indicate
the cytosolic fraction).

FIGURE 3. Overexpression of CUTA reduces �-processing of APP. A, HEK-
Swe cells were transfected with control pcDNA and CUTA-Myc. The sAPP�
and sAPP� in conditioned media were Western-blotted with respective anti-
bodies. A� secreted in conditioned media was precipitated by trichloroacetic
acid and Western-blotted with 6E10. Cell lysates were Western-blotted with
antibodies against total APP (mature and immature forms) and APP-CTFs
(369), �-CTFs (6E10), BACE1 (3D5), PS1 NTF (Ab14), ADAM10, TACE, CUTA
(Myc), and �-tubulin. The levels of A� (B), sAPP� (C), and APP �-CTFs (D) were
quantified by densitometry and normalized to those of controls for compar-
ison (set as one arbitrary unit). *, p � 0.05, n � 3.
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whereas the BACE1 antibody 689 immunoprecipitated the
endogenous CUTA H component (Fig. 5C). Together, these
results demonstrate that the H but not the L component of
CUTA isoform 1 can interact with BACE1. Because the N ter-
minus of CUTA isoform 3 is different from and shorter than
that of CUTA isoform 1, we also tested it and found that CUTA
isoform 3 did not interact with BACE1 (supplemental Fig. 6),
suggesting that the N terminus of CUTA isoform 1mediates its
unique interaction with BACE1.
Because BACE1 is a type I transmembrane protein and the H

component of CUTA isoform 1 is associated with the mem-
brane through its N terminus, we investigated the domains
important for BACE1 interaction with CUTA. We first gener-
ated a BACE1 chimera mutant (BACE1(NCT/TM)) that has its
transmembrane domain substituted with the NCT transmem-
brane domain.We found that BACE1(NCT/TM)was delivered
to the cell surface similarly to that of wild type BACE1 (supple-
mental Fig. 7A) and that overexpression of BACE1(NCT/TM)
dramatically increased the levels of APP �-CTFs and sAPP� as
does wild type BACE1 (supplemental Fig. 7B), indicating that
such a transmembrane domain replacement does not affect the
trafficking or enzymatic activity of BACE1. However, we found
that this BACE1 chimera mutant did not interact with CUTA
anymore (Fig. 6A). In addition, we found that overexpression of
CUTA only reduced the levels of A�, sAPP�, and APP �-CTFs
in cells overexpressing wild type BACE1 but not in cells over-
expressing BACE1(NCT/TM) (supplemental Fig. 7C). A dele-
tion of the C terminus domain of BACE1 had no effect on its
interaction with CUTA (Fig. 6A). In addition, in cells co-ex-
pressing BACE1-HA and various CUTA forms, the HA anti-
body only pulled down the H components of CUTA isoform 1

and CUTA-(1–164) but not their L components, CUTA-(43–
198) or CUTA-(63–198) (Fig. 6B). These results suggest that
the transmembrane domain of BACE1 mediates BACE1 inter-
action with the N terminus of CUTA isoform 1.
BACE1 ismainly localized in acidic environments such as the

Golgi/TGN and endosomes. To determine the subcellular
compartments in which CUTA and BACE1 interact, we co-ex-
pressedMyc-CUTA and BACE1-HA and carried out immuno-
staining with Myc and HA antibodies. Our results showed that
a large amount of full-length CUTA and BACE1 colocalized
with each other, and their colocalization is mainly at TGN46
(Golgi/TGNmarker)-positive sites (Fig. 6C), not at EEA1 (early
endosome marker)-positive or LAMP2 (late endosome mark-
er)-positive sites (supplemental Fig. 8), indicating that the
interaction between CUTA and BACE1 mainly occurs in the
Golgi/TGN. CUTA-(63–198), an L component of CUTA, was
found to be expressed throughout the cytosol and showed no
colocalization with BACE1 or TGN46 (Fig. 6C).
We also explored whether the interaction between CUTA

and BACE1 has any effect on CUTA secretion. However, our
results showed that overexpression of BACE1 did not alter the
secretion of CUTA (supplemental Fig. 9), suggesting that the
secretion of CUTA may be mediated by other proteins than
BACE1.
H Component of CUTA Isoform 1 Regulates APP Processing

through Mediation of BACE1 Trafficking—Because only the H
component of CUTA isoform 1 interacts with BACE1, we spec-
ulate that only the H component, not the L component, is
responsible for mediating BACE1-regulated APP processing.
Indeed, only upon transfection of CUTA-Myc and
CUTA(M63L) that overexpress the H component were the lev-

FIGURE 4. Down-regulation of CUTA increases �-processing of APP. HEK-Swe cells were transfected with control siRNA and CUTA siRNA 3. A, cells were
subjected to RNA extraction and gene analysis by RT-PCR. The mRNA level of CUTA was normalized to that of GAPDH for comparison. *, p � 0.05, n � 3. B, the
sAPP� and sAPP� in conditioned media were Western-blotted with respective antibodies. A� secreted in conditioned media was precipitated by trichloro-
acetic acid and Western-blotted with 6E10. Cell lysates were Western-blotted with antibodies against total APP (mature and immature forms) and APP-CTFs
(369), BACE1 (3D5), PS1 NTF (Ab14), ADAM10, TACE, CUTA (Myc), and �-tubulin. The levels of A� (C), sAPP� (D), and APP �-CTFs (E) were quantified by
densitometry and normalized to those of controls for comparison (set as one arbitrary unit). *, p � 0.05, n � 3.
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els of sAPP� and A� (Fig. 7A), including A� 40 and 42 (Fig. 7, B
and C), dramatically reduced. Overexpression of CUTA-(63–
198), which does not interact with BACE1, had no effect on the
levels of sAPP� and A� (Fig. 7A).
Because altered protein trafficking of BACE1 has been found

to affect its cleavage of APP, we studied whether intracellular
trafficking of BACE1 is affected by CUTA. When CUTA was
down-regulated by RNAi, we found that the steady-state level
of cell surface BACE1 was significantly decreased, whereas the
level of cell surface PS1-NTF and the total levels of BACE1 and
PS1-NTF were unaffected (Fig. 8, A and B). In addition, as
expected, cell surface level of BACE1(NCT/TM), which does
not interact with CUTA, was not affected by CUTA overex-
pression (supplemental Fig. 7D).

The steady-state level of BACE1 at the cell surface is depen-
dent on an equilibrium between the transport of BACE1 from
the Golgi/TGN to the cell surface and the endocytosis of
BACE1 from the cell surface to endosomes. Because CUTAand
BACE1 mainly colocalize in the Golgi/TGN but not in endo-

somes (Fig. 6C and supplemental Fig. 5), CUTA probably
affects the transport of BACE1 to the cell surface. To investigate
this, we performed pulse-chase and biotinylation analyses. We
found that in control cells the majority of [35S]methionine-la-
beled BACE1 arrived at the cell surface 60 min after chasing
(Fig. 8, C andD). However, in CUTA-down-regulated cells, the
time for the majority of [35S]methionine-labeled BACE1 to
reach the cell surfacewas delayed to 90min after chasing (Fig. 8,
C and D), indicating that down-regulation of CUTA slows cell
surface delivery of BACE1 from the Golgi/TGN.

DISCUSSION

Optimal activity of BACE1 requires an acidic environment.
Consistently, BACE1 localizes to acidic subcellular compart-
ments such as the Golgi/TGN and endosomes. In addition,
BACE1 can also be detected at the cell surface during its intra-
cellular trafficking through the secretory pathway (5, 13–15).
Some previous studies have identified several BACE1-interact-
ing proteins, including reticulon/Nogo (31–33), Golgi-local-

FIGURE 5. The H component of CUTA interacts with BACE1. A, CUTA with an HA tag at the C terminus (CUTA-HA) was co-transfected with APP, BACE1, or NCT,
all of which were Myc-tagged at the C terminus into HEK 293T cells. Cells co-transfected with pcDNA, and the indicated vectors were used as controls. Equal
protein amounts of cell lysates were used for immunoprecipitation (IP) with an HA antibody and Western blot (WB) with the Myc antibody 9E10 to detect
CUTA-interacting proteins. Ten percent of cell lysates were used as input to detect the expression of transfected proteins. B, pcDNA, BACE1-HA, and CUTA-Myc
(left panel) or Myc-CUTA (right panel) were pairwise co-transfected into HEK 293T cells. Equal protein amounts of cell lysates were immunoprecipitated with an
HA antibody and Western-blotted with a Myc antibody (left panels) or immunoprecipitated with the Myc antibody and Western-blotted with the HA antibody
(right panels). Ten percent of cell lysates were used as input. *, nonspecific bands. C, the lysates of human brain tissues were immunoprecipitated with normal
rabbit IgG, the R-CUTA antibody, or the BACE1 antibody 689. Immunoprecipitated proteins and input (5% of cell lysates) were subjected to SDS-PAGE and
Western blot using another anti-BACE1 antibody (3D5) or R-CUTA.
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ized �-ear-containing ARF-binding protein (34–36), and sort-
ing nexin 6 (37), all of whose disturbance will affect the normal
intracellular trafficking of BACE1 and result in altered �-proc-
essing of APP for A� production. Herein, we have identified
another BACE1-interacting protein, the full-length CUTA iso-
form 1 that regulates intracellular trafficking of BACE1 from
the Golgi/TGN to the cell surface. Our results show that the N
terminus of full-length CUTA isoform 1 can bind to the trans-
membrane domain of BACE1, mainly in the Golgi/TGN, and
that a reduction in CUTA leads to delayed cell surface delivery
of BACE1, leading BACE1 to cleave more APP for A� genera-
tion in the Golgi/TGN, which is the major subcellular localiza-
tion of APP at steady state (25, 38, 39).
CUTA is conserved across a wide range of species from bac-

teria tomammals and ubiquitously expressed in all tissues, sug-
gesting that CUTA exerts some fundamental function in the
cell. Some studies have suggested that CUTAmay play roles in
copper tolerance/toxicity (20, 40), AChE activity (18), signal
transduction (21), etc. However, so far the exact functions of

CUTA, especially those of human CUTA, remain largely unde-
termined. In this study we find that human CUTA is expressed
in various isoforms that differ by the length of the N terminus
and can be separated into H and L components by SDS-PAGE.
Notably, the H component, representing full-length CUTA or
isoform 1, is membrane-associated and may have its N termi-
nus integrated into the membrane, whereas the cytosolic L
component contains other CUTA isoforms shortened at the N
terminus and possibly a small fraction of CUTA cleavage prod-
ucts. Different subcellular localizations of theH and the L com-
ponents of CUTA suggest that the two components may have
different functions in the cell. Indeed, our results show that only
full-length CUTA isoform 1 and not the other CUTA isoforms
in the L component can interact with BACE1 and regulate
�-cleavage of APP. In another study, full-length mouse CUTA
was also found to mediate the processing and trafficking of
AChE, possibly through intermediate proteins as CUTA does
not directly interact with AChE (18). The L component of
CUTA might be related to the cell response to copper, as one

FIGURE 6. The N terminus of CUTA and the transmembrane domain of BACE1 are crucial for their interaction in the Golgi/TGN. A, CUTA-Myc was
co-transfected with BACE1, BACE1 lacking the C terminus (BACE1-�C), or BACE1 that has its transmembrane domain substituted with that of Nicastrin
(BACE1(NCT/TM)), all of which were HA-tagged at the C terminus, into HEK 293T cells. Cells co-transfected with pcDNA and the indicated vectors were used as
controls. Equal protein amounts of cell lysates were used for immunoprecipitation (IP) with a Myc antibody and Western blot (WB) with an HA antibody. Ten
percent of cell lysates were used as input. B, BACE1-HA was co-transfected with CUTA, CUTA-(43–198), CUTA-(63–198), or CUTA-(1–164), all of which were
Myc-tagged at the C terminus into HEK 293T cells. Equal protein amounts of cell lysates were used for IP with an HA antibody and Western blot with a Myc
antibody. Ten percent of cell lysates were used as input. *, nonspecific bands. C, HeLa cells were transfected with pcDNA, Myc-CUTA, CUTA-(63–198), and/or
BACE1-HA, as indicated. Cells were then fixed, permeabilized, and immunostained with primary antibodies against HA (indicating BACE1, in blue), Myc
(indicating CUTA, in green), and TGN46 (indicating the Golgi/TGN organelle, in red), and respective secondary antibodies conjugated with Alexa Fluor 350, 488,
or 594. Samples were examined by immunofluorescence microscopy.
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study found that overexpression of CUTA isoform 2 enhanced
the cytotoxicity of copper (40).
Together, our results show that human CUTA can interact

with BACE1 and thus mediate APP processing and A� genera-
tion. Because CUTA has also been proposed to mediate AChE
activity and copper homeostasis, another two important events

in AD pathology, CUTA may play an important role in AD
through multiple pathways; this deserves further scrutiny.
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