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Amyloid precursor protein (APP) is involved in the pathogenesis of

Alzheimer’s disease (AD). However, the physiological role of APP and

its family members is still unclear. To gain insights into APP function,

we used a proteomic approach to identify APP interacting proteins. We

report here for the first time a direct interaction between the C-

terminal region of APP family proteins and ubiquitous mitochondrial

creatine kinase (uMtCK). This interaction was confirmed in vitro as

well as in cultured cells and in brain. Interestingly, expression of full-

length and C-terminal domain of APP family proteins stabilized

uMtCK preprotein in cultured cells. Our data suggest that APP may

regulate cellular energy levels and mitochondrial function via a direct

interaction and stabilization of uMtCK.

D 2005 Elsevier Inc. All rights reserved.

Introduction

Amyloid precursor protein (APP), a type I transmembrane

protein, is intimately involved in AD pathogenesis (Selkoe, 2000).

In addition to a role in AD pathogenesis, several lines of evidence

indicate that APP has important biological functions (De Strooper

and Annaert, 2000; Turner et al., 2003). APP belongs to a gene

family that is highly conserved throughout evolution. In mammals,

there are three APP family members, including amyloid precursor

like protein-1 and -2 (APLP1 and APLP2). Whereas mice with

targeted disruption of the APP gene display subtle abnormalities

(Zheng et al., 1995; Steinbach et al., 1998), disruption of a

combination of APLP1 and APLP2 or APP and APLP2 results in

perinatal lethality (von Koch et al., 1997; Heber et al., 2000).
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These results suggest that the APP family members have essential

and redundant roles during development. Importantly, whereas the

large extracellular domain of APP family proteins is quite variable

in sequence, their intracellular domains are highly conserved,

suggesting that APP family proteins may participate in similar

intracellular signaling pathways.

Some clues into the cellular function of APP have come from

identification of APP interacting proteins (King and Scott Turner,

2004). Different regions in the cytoplasmic tail of APP have been

shown to bind to heterotrimeric Ga protein (an intracellular

signal transducer) (Nishimoto et al., 1993), kinesin light chain

(axonal transport protein) (Kamal et al., 2000, 2001), or PAT1

(a microtubule-associated protein) (Nishimoto et al., 1993;

Zheng et al., 1998; Kamal et al., 2000, 2001). In addition, the

C-terminal region of APP family proteins, containing the amino

acid sequence motif NPxY, interacts with the phosphotyrosine-

binding (PTB) domain of a number of intracellular adapter proteins

such as Dab1, X11, and Fe65, which are involved in distinct

cellular processes (Homayouni et al., 1999; Kimberly et al., 2001;

King et al., 2003). Notably, most of these interactions were

identified by yeast two-hybrid approaches that only detect one-to-

one protein interactions in an artificial yeast nuclear environment.

Thus, alternative approaches are necessary to identify multi-protein

complexes or APP interactions that require specific cellular

environments or post-translational modifications. For instance,

using a biochemical approach, Zhou et al. (2004) recently

identified a novel interaction between tyrosine-phosphorylated

APP cytoplasmic domain and growth factor receptor-bound protein

2 (Grb2) (Zhou et al., 2004). In addition, Ho and Sudhof used a

functional proteomic approach to identify F-spondin as a novel

extracellular ligand of APP (Ho and Sudhof, 2004).

We hypothesize that the C-terminal regions of APP family

proteins engage in similar intracellular functions through inter-

actions with multi-protein complexes. Therefore, we used a
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functional proteomic strategy, involving biochemical affinity

chromatography and peptide mass fingerprinting, to identify new

APP interacting proteins. Here, we report identification of

ubiquitous mitochondrial creatine kinase (uMtCK, EC 2.7.3.2)

with the C-terminal region of APP family proteins. This association

was confirmed by surface plasmon resonance spectroscopy in vitro

and by co-immunoprecipitation (co-IP) from cell culture and brain

extracts. The interaction of APP with uMtCK stabilized the

immature form of uMtCK in cultured cells. Creatine kinase (CK)

catalyzes the reversible transfer of high energy phosphate from ATP

to creatine, yielding phosphocreatine for energy storage and

transport (Wallimann et al., 1992). There are several isoenzymes

of CK with distinct tissue and cellular distributions. In the brain, the

cytosolic brain-type CK (BCK) and uMtCK comprise an energy

shuttling system, which transfers energy efficiently from the site of

ATP production (mitochondria) to distal parts of the cell where

energy is consumed (Wallimann et al., 1998; Joubert et al., 2002). In

addition, uMtCK may affect mitochondrial transport and ionic

homeostasis by forming a high energy channeling complex

consisting of porin and adenine nucleotide translocator (ANT)

(Dolder et al., 2001; Schlattner et al., 2001). Taken together, our

studies suggest a new role for APP in modulation of uMtCK levels

and possibly cellular energy metabolism.
Fig. 1. Identification of ubiquitous mitochondrial creatine kinase as a novel APLP1

(top panel) compared with control peptide (bottom panel). Two proteins that pref

processed for tryptic peptide fingerprinting. Stars indicate proteins that non-speci

from the proteins denoted by arrows in panel (A). Stars indicate the peptides tha

biochemical pull-down experiments. Lysates from COS7 cells transiently transfe

peptide (A1, lanes 4 and 6) or control randomized peptide (C, lanes 3 and 5) immo

PAGE and examined by Western blotting using anti-myc antibodies. As a contro
Results

Identification of ubiquitous mitochondrial creatine kinase as an

APLP1 interacting protein

To identify protein complexes associated with cytoplasmic

domain of APP proteins, we used a functional proteomic

approach. Mouse brain homogenates were passed through

columns containing sepharose beads cross-linked with synthetic

peptide (A1 peptide) corresponding to the last 18 amino acids of

APLP1 cytoplasmic domain, which is highly conserved among

the APP family proteins (Homayouni et al., 1999). After

extensive washing, the bound proteins were eluted and subjected

to 1-D or 2-D electrophoresis and silver staining. We identified a

number of proteins that preferentially bound to A1 peptide, and

not to the randomized control peptide, by tryptic peptide

fingerprinting using MALDI-TOF spectrometry (data not shown).

Among these proteins were several subunits of adapter-related

protein complex AP-2, which are known to bind to NPxY-

containing sequences and are necessary for clathrin-mediated

endocytosis (Bonifacino and Traub, 2003). Another protein that

preferentially bound to the A1 peptide was identified as uMtCK

(NP_034027) (Figs. 1A and B).
interacting protein. (A) 2-D gel images of proteins that bound to A1 peptide

erentially bound to the A1 peptide (arrows) were excised from the gel and

fically bound to the control peptide. (B) Mass spectra of peptides obtained

t corresponded to uMtCK. (C) Confirmation of uMtCK–A1 interaction by

cted with either uMtCK-myc or BCK-myc were incubated with either A1

bilized to sepharose beads. The protein complexes were separated by SDS-

l, 10% of input lysates were also loaded on the gels (lanes 1–2).
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To confirm the interaction between uMtCK and A1 peptide,

we performed biochemical pull-down experiments using cell

lysates transiently transfected with either mitochondrial

uMtCK-myc or cytosolic BCK-myc constructs. Fig. 1C shows

that A1 peptide specifically interacted with uMtCK-myc but

not with BCK-myc. Interestingly, a higher molecular weight

band of uMtCK-myc seemed to preferentially bind to the A1

peptide.

Since biochemical affinity experiments can identify multi-

protein complexes, we tested whether the interaction of A1

peptide with uMtCK is direct or indirect by using surface

plasmon resonance (SPR) spectroscopy. The association and

dissociation kinetics of A1 peptide binding to purified recombi-

nant BCK or uMtCK was determined in Fphysiological_ buffer

conditions (0.1% Triton, 100 mM NaCl). Consistent with the

pull-down experiments above, we found that uMtCK bound

preferentially to A1 peptide as compared to the random peptide

(Figs. 2A and B), while cytosolic BCK bound neither peptide

(Figs. 2C and D). Because the uMtCK–A1 interaction showed a

very fast association rate (Fig. 2B), a direct fit of the kinetics was

impossible. However, Scatchard plot analysis revealed an affinity

of 175 T 30 nM for the A1 peptide, as compared to 430 T 115

nM for the low level binding to random peptide. These data

demonstrate that interaction of A1 peptide with uMtCK is direct

and of rather high affinity. Given the fact that A1 and the control

peptide have identical amino acid compositions, the differences in

their binding properties obtained under these conditions are

considerable.
Fig. 2. Interaction of uMtCK and APLP1 peptide is direct, specific, and of high aff

uMtCK (A, B) or human BCK (C, D) with randomized control peptide (A, C) or sp

400 nM octameric uMtCK and 100, 200, 400, 800, and 1600 nM dimeric BCK

relationship between octamer concentration (conc, in nM) and SPR signal at equili

and a flow rate of 1.2 ml h�1 with 50 mM TES pH 7.4, 100 mM NaCl, and 0.1%

amount of bound CK.
uMtCK associates with full-length APLP1 and C-terminal

fragment of APP in cultured cells

To examine whether full-length APLP1 and uMtCK interact in

cells, we carried out co-immunoprecipitation experiments using

transiently transfected COS7 cells. We found an association

between uMtCK-myc and APLP1-flag in both uMtCK and

APLP1 immunoprecipitates (Figs. 3A and B). Consistent with

our earlier results, we found that only the large molecular weight

form of uMtCK-myc associated with full-length APLP1 in COS7

cells.

APP family proteins can be proteolytically cleaved by

secretases and caspases, which lead to intracellular release of their

cytoplasmic domains (Galvan et al., 2002; Scheinfeld et al., 2002;

Eggert et al., 2004). Therefore, we tested if the soluble intracellular

domain of APP also interacts with uMtCK. Co-immunoprecipita-

tion experiments were performed using lysates from COS7 cells

which were transiently transfected with uMtCK-myc and an eGFP

fusion construct containing the C-terminal 31 amino acids in APP

(eGFP-APP-C31). We found that eGFP-APP-C31 strongly asso-

ciated with uMtCK (Fig. 3C).

To investigate the subcellular site of interaction between APP

and uMtCK, we performed laser confocal microscopy on COS7

cells transiently transfected with uMtCK-myc along with either

full-length APLP1-flag or eGFP-APP-C31 (Figs. 3D and E). As

expected, uMtCK staining was observed in irregular structures

resembling mitochondria around the nucleus and throughout the

cytoplasm. Similar structures were observed using the mitochon-
inity. Representative SPR traces of contact and dissociation phase of human

ecific APLP1 peptide (B, D). Representative traces for 25, 50, 100, 200, and

are shown. (Inserts in panels A and B) Scatchard plots derived from the

brium (Req, in RU) to estimate affinity KD. SPR data were recorded at 25-C

Triton X-100 as running buffer. Response units (RU) are proportional to the



Fig. 3. uMtCK interacts with full-length APLP1 in cultured cells. (A) Protein lysates from COS7 cells transfected with APLP1-flag alone (lane 3) or APLP1-

flag plus uMtCK-myc (lane 4) constructs were immunoprecipitated with anti-myc and immunoblotted with anti-flag antibodies. (B) Protein lysates from COS7

cells transfected with uMtCK-myc alone (lane 3) or uMtCK-myc plus APLP1-flag (lane 4) constructs were immunoprecipitated with anti-flag and

immunoblotted with anti-myc antibodies. (C) Protein lysates from COS7 cells transfected with eGFP-APP-C31 alone (lane 3) or eGFP-APP-C31 plus uMtCK-

myc (lane 4) constructs were immunoprecipitated with anti-myc antibody and immunoblotted with anti-eGFP antibodies. As a control, 3% of input lysates were

loaded on the gels (lanes 1 and 2, A–C). (D) COS7 cells were transfected with APLP1-flag and uMtCK-myc. Subcellular localization of APLP1-flag and

uMtCK-myc was examined by immunofluorescence using laser confocal microscopy. APLP-Flag was visualized using anti-APLP1 polyclonal antiserum

(CT11) and Alexa 480-red conjugated anti-rabbit antibody (green fluorescence, left panel), and uMtCK-myc was visualized using monoclonal anti-myc

antibody and Alexa 594-conjugated anti-mouse antibody (red fluorescence, middle panel). A merged image is shown in the right panel. (E) COS7 cells were

transfected with eGFP-APP-C31 and uMtCK-myc. Subcellular localization of eGFP-APP-C31 and uMtCK-myc was examined by immunofluorescence using

laser confocal microscopy. eGFP-APP-C31 is shown in green fluorescence (left panel), and uMtCK-myc was visualized using monoclonal anti-myc antibody

and Alexa 594-conjugated anti-mouse antibody (red fluorescence, middle panel). A merged image is shown in the right panel. Arrows mark the honeycomb

staining pattern observed for eGFP-APP-C31 protein due to its absence in the mitochondria, marked uMtCK staining.
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drial marker MitoTracker (Molecular Probes) in COS7 cells (Data

not shown). On the other hand, APLP1 staining was observed

primarily in the ER/Golgi and in smaller vesicular structures

throughout the cytoplasm. Very little overlap in staining was

observed between uMtCK and APLP1 staining. This result

suggests that APLP1 is not targeted to mitochondria, the

predominant site of uMtCK protein. However, it is possible that

the interaction of the cytosolic uMtCK preprotein with APLP1

occurs in the ER/Golgi at concentrations that are below detection

in this assay. In contrast to APLP1-myc, eGFP-APP-C31 fluo-

rescence was intense in the nucleus and diffuse throughout the

cytoplasm (Figs. 3D and E). Interestingly, the eGFP-APP-C31

staining was absent in the mitochondria and more pronounced

around the mitochondria in the perinuclear region, resulting in a

honeycomb-like staining pattern.

uMtCK associates with all three APP family members in brain

To determine whether the interaction between uMtCK and

APP family proteins occurs in physiological conditions, we

performed co-IP experiments using brain homogenates. uMtCK

was immunoprecipitated from adult mouse brain homogenates

using anti-human uMtCK (anti-huMtCK) antiserum. The protein

complexes were stringently washed with RIPA buffer and then

examined by SDS-PAGE and Western blotting using anti-APP,

anti-APLP1, or anti-APLP2 antibodies. We found that anti-

huMtCK antiserum, but not the pre-immune serum, precipitated

all three APP family members (Fig. 4A). Interestingly, only the

lower molecular weight forms, presumably the immature un-

glycosylated forms (Lyckman et al., 1998), of APP and APLP2

associated with uMtCK. In addition, using confocal laser micro-

scopy on cultured cortical neurons, we found that APP co-

localizes with uMtCK predominantly in the perinuclear region,

although some co-localization was also observed along the

processes (Fig. 4B). Co-localization of APP and uMtCK in
Fig. 4. uMtCK interacts with APP family proteins in brain. (A) Approximately 200

with either anti-huMtCK antiserum (anti-CK) or the pre-immune serum (PI). Protei

using anti-APLP1 (top panel), anti-APLP2 (middle panel), and anti-APP (bottom p

as control (lysate). Arrows indicate multiple forms of APLP2 and APP, presumab

primary neuronal cultures (4 days in vitro) was examined by immunofluorescen

monoclonal antiserum (22C11) and Texas-red-conjugated anti-mouse antibodies (t

FITC-conjugated anti-rabbit antiserum (middle panel). A merged image is shown in

Arrows point to punctate staining along the neuronal processes.
neurons is different from our observations in COS7 cells (above)

and may account for the high efficiency of the co-IP in brain

(Fig. 4A) as compared to COS7 cells (Figs. 3A and B). Taken

together, these data suggest that interaction of uMtCK and APP

family proteins can occur under physiological conditions in the

brain.

Stabilization of uMtCK preprotein by APP family proteins

During the co-IP experiments, we observed that the steady state

level of the higher molecular weight form of uMtCK (HMr-

uMtCK) was increased by co-transfection of all three family

members of APP using cultured COS7 cells (data not shown). We

investigated this phenomenon further in a new series of experi-

ments. We found that expression of full-length APLP1-flag or

eGFP-APP-C31 protein led to an accumulation of HMr-uMtCK

(Fig. 5A). These effects were specific since co-transfection of very

low density lipoprotein receptor (VLDLR), another transmembrane

protein containing a cytoplasmic NPxY sequence, did not increase

the HMr-uMtCK. In addition, the effect of eGFP-APP-C31 was

concentration-dependent as increasing amounts of eGFP-APP-C31

produced more HMr-uMtCK (Fig. 5B). Notably, the lower Mr

form of uMtCK was also increased, especially under the lower

amount of eGFP-APP-C31 when the accumulation of HMr-uMtCK

was not so dramatic.

uMtCK is highly susceptible to oxidative damage (Wendt et al.,

2003). Thus, one possibility is that transfection of APP proteins

increases oxidative stress, resulting in a modification of uMtCK

that retards its migration in SDS gels. On the other hand, APP

proteins may stabilize the immature unprocessed form of uMtCK,

which contains an N-terminal mitochondrial targeting sequence.

Therefore, we set out to identify the HMr-uMtCK that accumulated

after APP co-expression. First, the higher molecular weight form of

uMtCK appeared to be approximately 5 kDa larger than expected.

This is consistent with the calculated Mr of the 39 amino acid
Ag of total protein from mouse brain homogenates was immunoprecipitated

n complexes were washed in RIPA buffer and examined by immunoblotting

anel) antibodies. Approximately 20 Ag of total protein was loaded on the gel
ly due to glycosylation. (B) Subcellular localization of uMtCK and APP in

ce using laser confocal microscopy. APP was visualized using anti-APP

op panel), and uMtCK was visualized using rabbit anti-human uMtCK and

the bottom panel to better illustrate the subcellular co-localization (yellow).



Fig. 6. Identification of the high Mr band of uMtCK as uMtCK preprotein. (A)

uMtCK-myc alone (upper panel) or along with eGFP-APP-C31 (lower panel). uM

lysate (whole), cytosolic (cyto.), and mitochondria-enriched fractions (mito.). (B)

eGFP-APP-C31 (lower panel) were metabolically labeled with 35S-Met/Cyst

immunoprecipitated using anti-myc antibodies, separated by SDS-PAGE, and visu

transfected with uMtCK-myc and eGFP-APP-C31 was excised from a SDS gel, try

identified and sequenced 18 peptides covering 36.8% of uMtCK protein sequence

to the N-terminal signal sequence in uMtCK (underlined, left panel). Arrow in left

right panel shows the theoretical masses of b- and y-fragment ions of this peptide.

the amino acid sequence of this peptide.

Fig. 5. Stabilization of high molecular weight (HMr) uMtCK by APP

family proteins. (A) Immunoblotting was performed using anti-myc

antibody on 30 Ag of total protein prepared from COS7 cells transfected

with uMtCK-myc alone (lane 1) or co-transfected with APLP1-flag (lane

2), eGFP-APP-C31 (lane 3), or VLDLR-HA (lane 4). (B) Immunoblotting

was performed using anti-myc (top panel) or anti-eGFP (bottom panel) on

COS7 cells transfected with uMtCK-myc alone (lane 1) or along with

increasing amounts of eGFP-APP-C31 construct (lanes 2–5).
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residues leader sequence, which is cleaved after its mitochondrial

targeting. In crude fractionation experiments, we found that the

HMr-uMtCK was not associated with the mitochondria, whereas

the lower uMtCK band was enriched in the mitochondrial fraction

(Fig. 6A). We next examined the turnover rate and degradation of

the two uMtCK bands by performing pulse chase analysis (Fig.

6B). We found that both bands were labeled with [35S]-Met/Cys

immediately after the 8-min labeling period. Within 2 h after the

labeling period, the upper band was decreased substantially, while

the lower band persisted. This is consistent with the notion that the

upper band is the pre-processed form of uMtCK that is rapidly

converted into the more stable mature mitochondrial form after

cleavage of the signal sequence. When cells were co-transfected

with eGFP-APP-C31, both upper and lower bands of uMtCK were

increased. If indeed the HMr-uMtCK were derived from oxidative

or post-translational modification of the mature uMtCK form, we

would expect to see a decrease in the amount of the lower band in

proportion to an increase in the amount of the upper band. Thus,

our results suggest that APP stabilizes the uMtCK preprotein.

Lastly, we examined whether the HMr-uMtCK contained the signal

sequence using electrospray tandem mass spectrometry. COS7

cells were transiently transfected with uMtCK-myc and eGFP-

APP-C31 to enrich the HMr-uMtCK band and then processed for

A1 affinity binding as described above. Two bands (¨Mr 47 and

52 kDa) were excised from gels and digested with trypsin. The

resulting peptides were separated by LC/MS and sequenced by

electrospray mass spectrometry. Both bands were identified as

uMtCK, however, only the upper band contained a peptide
Differential centrifugation was performed on COS7 cells transfected with

tCK was detected by immunoblotting using anti-myc antibodies on whole

COS7 cells transfected with uMtCK-myc alone (upper panel) or along with

for 8 min and then chased with cold medium for 2 h. uMtCK was

alized by autoradiography. (C) The high Mr band observed in COS7 lysates

psinized, and then subjected to electrospray tandem mass spectrometry. We

(in bold, left panel). The sequence of one peptide (right panel) corresponded

panel indicates the predicted cleavage site of uMtCK signal sequence. The

The detection of continuous y-ion series and b-ion series (shaded) confirms
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containing the signal sequence for uMtCK (Fig. 6C). Taken

together, these results indicate that the high molecular weight form

of uMtCK, which is stabilized by APP, is indeed uMtCK

preprotein and not an oxidative derivative.
Discussion

In this study, we show that uMtCK interacts with APP family

proteins in cultured cells as well as in the brain using co-

immunoprecipitation assays. This interaction is direct and of high

affinity as shown by surface plasmon resonance experiments.

Importantly, we found that overexpression of APP cytoplasmic

domain in cultured cells stabilized a higher molecular weight form

of uMtCK, which we identified as the uMtCK preprotein

containing the mitochondrial targeting sequence.

uMtCK is encoded by the nuclear genome, synthesized by

ribosomes, and then translocated to mitochondria via its N-terminal

signal sequence. In the mitochondria, uMtCK dimers or octamers

are localized in the cristae and the intermembrane space (contact

sites) of mitochondria (Schlattner et al., 1998). It is likely that

mitochondrial targeting of uMtCK involves cytosolic chaperones

such as mitochondria-import stimulating factor (MSF) or arylhy-

drocarbon receptor-interacting protein (AIP) (Mihara and Omura,

1996; Yano et al., 2003) as well as the translocase of outer

mitochondrial membrane (TOM) protein family (Pfanner and

Wiedemann, 2002). Mitochondrial chaperones assist in the import

of mitochondrial proteins by directly binding to the preprotein and

preventing their aggregation, misfolding, and proteolysis. Over-

expression of mitochondrial chaperone proteins in cultured cells

has been shown to stabilize mitochondrial preproteins (Yano et al.,

1998). Consistent with these observations, we found that APP C31

expression decreased the turnover and increased steady state levels

of uMtCK preprotein. Indeed, we have found that overexpression

of full-length APLP1 in HEK293T cells results in an increase in

dimeric and octameric CK activity (Bürklen and Wallimann,

unpublished observations). These results suggest that APP may

function as a cytosolic chaperone for uMtCK preprotein and

consequently increase CK activity and cellular energy metabolism.

The hypothesis that APP may function as a chaperone protein

was proposed over 10 years ago by Liautard (1994). APP is known

to be an acute phase response gene induced by cellular stress and

neuronal injury. For example, APP expression is induced together

with several stress response proteins such as C-FOS and heat shock

protein 70 after cerebral ischemia (Hall et al., 1995; Lin et al.,

1999). Since ischemia is an energy deficiency insult, it is

reasonable to assume that neurons would respond by stabilizing

enzymes that are critical for production and maintenance of energy.

Indeed, APP has been shown to play a neuroprotective role against

other insults in neurons. For example, Kogel et al. (2003) recently

demonstrated that APP, but not APPswe, protects PC12 cells against

the unfolded protein response induced by prolonged treatments

with inhibitors of glycosylation (tunicamycin) or ER-to-Golgi

transport (brefeldin A) (Kogel et al., 2003).

Accumulating evidence suggest that mitochondria play a central

role in neurodegeneration as well as AD through modulation of

cellular energy, calcium levels, and reactive oxygen species

(Swerdlow and Khan, 2004). An alternative hypothesis has been

proposed for late-onset AD, which states that neurodegeneration in

AD results from mitochondria genome deficits which lead to

accumulation of damage caused by reactive oxygen species
(Mattson, 1997; Swerdlow and Khan, 2004). There is mitochon-

drial dysfunction and increased oxidative stress in AD brains

(Smith et al., 1991; Gibson et al., 1998; Eckert et al., 2003).

Positron emission tomography studies showed reduced brain

glucose utilization in early stages of AD brain (Rapoport et al.,

1996). In addition, a group of genes involved in mitochondrial

metabolism were up-regulated in the early stage of pathological

changes in the APP transgenic mouse model (Reddy et al., 2004).

Together, these findings point to a close link between mitochondria

and early pathogenesis of AD. However, the precise role that APP

plays in this model is not clear. An N-terminal sequence in APP

was shown to target APP to mitochondria in a membrane arrested

form and cause disruption of mitochondrial metabolism (Ananda-

theerthavarada et al., 2003). In contrast, we did no observe a

significant targeting of full-length APLP1 or APP C-terminal

fragment to mitochondria (Figs. 3D and E).

uMtCK has been shown to be important to mitochondrial

function in several ways. It has a protective role against oxidative

or toxic insults to the mitochondria (O’Gorman et al., 1997;

Kanazawa et al., 1998; Dolder et al., 2003; Hatano et al., 2004).

uMtCK is also important for mitochondrial energy channeling

(Wallimann et al., 1992, 1998) and permeability transition

(O’Gorman et al., 1997; Dolder et al., 2003). Interestingly, the

fact that transgenic ablation of uMtCK leads to impaired learning

and memory in mice (Streijger et al., 2004) suggests that uMtCK

may play a role in cognitive deficits such as in AD. Therefore, the

identification of a direct interaction between APP and uMtCK may

provide important insights not only into the physiological roles of

APP family proteins but also on the pathological roles of APP in

the neurodegeneration associated with AD.
Experimental methods

Materials

A1 (CELQRHGYENPTYRFLEE) peptide and control random-

ized peptide (CFEYRNRHQETPELLGET) were described pre-

viously (Homayouni et al., 1999). The antibodies used in this study

were anti-myc (Invitrogen Life Technologies), anti-eGFP (Invitro-

gen Life Technologies), anti-flag (clone M2, Sigma-Aldrich), anti-

APP-Cterm (Sigma-Aldrich), anti-APLP1 (CT11, Calbiochem),

anti-APLP2 (CT12, Calbiochem) and anti-huMtCK described in

Schlattner et al. (2002). CK isoenzymes were expressed in E. coli

and purified as described in Schlattner et al. (2000).

Plasmid construction

Several expression constructs used in this study were described

previously: PcDNA3-VLDLR-HA by D’Arcangelo et al. (1999)

PcDNA3-mAPP695 and PcDNA3-mAPLP1 by Homayouni et al.

(1999). PcDNA3-APLP1-flag was generated by inserting the full-

length mouse APLP1 cDNA (Homayouni et al., 1999) into

PcDNA3-flag construct described in Homayouni et al. (2001).

pCS2+-eGFP fusion constructs containing APP-C31 were gener-

ated by PCR amplification using nested EcoRI and XbaI primers

and the full-length PcDNA3-APP as template. PcDNA3-uMtCK-

myc and PcDNA3-BCK-myc constructs were made by reverse

transcription PCR using wild type mouse brain RNA library. All

PCR products were confirmed by sequencing. Primers used for

these constructs are listed in Supplementary Table 1.
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Affinity binding and 2-D electrophoresis

Synthetic A1 and control peptides were cross-linked to agarose

resin using SulfoLink kit (Pierce, USA) and packed into 1 ml

columns. Wild type mice brains were homogenized in brain

homogenization buffer (50 mM Tris–HCl, 1% Triton X-100, 5%

glycerol, 150 mM NaCl, 2 AM leupeptin, and aprotinin) and pre-

cleared by centrifugation at 20,000�g for 30 min. The super-

natants were passed through the columns and washed extensively

with brain homogenization buffer. After a final wash with 50 mM

Tris–HCl, the bound proteins were eluted with rehydration

solution (7 M urea, 2 M thiourea, 4% CHAPS, 0.8% IPG buffer

and trace of bromophenol blue) supplemented with DTT and

loaded onto pH3-10L strip (Amersham Pharmacia Biotech).

Isoelectric focusing electrophoresis (IEF) was performed in

IPGphor (Amersham Pharmacia Biotech) followed by the second

dimension SDS-PAGE on the protean II cell following manufac-

turer’s protocols (Bio-Rad laboratories). Proteins were visualized

by silver staining as described by Yuan et al. (2002).

Peptide fingerprinting by MALDI-TOF mass spectrometry

Gel pieces were minced, de-stained, and digested with trypsin

(Promega, WI) overnight at 37-C. The tryptic peptides were

extracted with 60% acetonitrile/5% TFA by sonication. The peptide

mixture was purified by Ziptip C18 (Millipore, MA) and eluted

directly onto the MALDI plate with a-cyano-4-hydroxycinnamic

acid (CHCA) solution in 50% acetonitrile/0.1% TFA. The MALDI

spectra were collected using a Voyager DE-RP mass spectrometer

(Framingham, MA) in the delayed extraction and reflector mode

with internal calibration of trypsin autolysis products. The unique

peaks in the spectra from one gel spot were compared to the tryptic

peptide patterns of proteins in the non-redundant protein database at

NCBI using Mass-Fit program available on the website of http://

prospector.ucsf.edu.

Liquid chromatography mass spectrometry (LC-MS)

These methods were described in detail previously by Yuan and

Desiderio (2003). Samples were prepared as described above.

Tryptic peptides extracted in 60% acetonitrile/5% TFA were

concentrated by vacuum centrifugation and dissolved in 0.1%

formic acid followed by separation with homemade on-line HPLC

column (10 cm in length; i.d. 75 Am; packing material: C18, 200

Å) and then were sequenced with nano-ESI method using an

LCQdecaLC-ESI-Q-IT MS instrument (ThermoFinnigan, CA).

LCQ sequence data were used to query the SWISS-PROT database

using the SEQUEST program.

Surface plasmon resonance (SPR) spectroscopy

The interaction of A1 and random peptides with CK isoforms

was analyzed by surface plasmon resonance (SPR) with a Biacore

2000i instrument (Biacore, Uppsala). Peptides were dissolved in

10 mM Na–citrate pH 4.5 to a concentration of 0.05 mg/ml. About

300 RU peptide per lane (400 fmol/mm2) was immobilized by thiol

disulfide exchange between their C-terminal cysteines and PDEA

that was previously coupled to the carboxydextran surface of CM5

sensorchips according to the supplier’s instructions (PDEA thiol

coupling kit, Biacore, Uppsala). Excess reactive groups were

deactivated by 50 mM cysteine in 1 M NaCl. CK protein stocks
were exchanged against running buffer (50 mM TES pH 7.4, 100

mM NaCl, 0.1% Triton X-100) via gel filtration (PD10 columns,

Amersham). CK–peptide association and dissociation kinetics

were recorded at 25-C in running buffer at a flow rate of 1.2 ml h�1

with CK concentrations ranging from 25 to 1600 nM. The peptide

surface was recovered by a final injection of 1 M NaCl. Kinetic

data were corrected for background binding to the empty PDEA

surface. The affinity was derived from the slope of a plot Req/c

versus c, analogous to a Scatchard plot. Data are given as mean T
standard deviation (SD).

Cell culture and co-immunoprecipitation

COS7 cells were maintained in DMEM containing 10% FCS at

37-C in 5% CO2. Cells were transiently transfected with plasmids

using FuGene 6.0 following the manufacturer’s protocol (Roche,

Germany). About 48 h post-transfection, the cells were harvested in

lysis buffer (PBS containing 1% Triton X-100, 5% glycerol, 150

mM NaCl, and 2 AM leupeptin, and Aprotinin). The lysates were

cleared at 20,000 � g for 20 min in a microcentrifuge before

incubation with primary antibody at 4-C overnight and followed by

incubation with protein G–sepharose beads (Pierce Chemical Co.,

Rockford, IL) at 4-C for 2 h. The protein complexes were washed

three times with lysis buffer, and the bound proteins were eluted

with 2� Laemmli buffer and analyzed by SDS-PAGE and Western

blotting. For brain co-IP, the protein complexes were washed 3

times in RIPA buffer (150 mMNaCl, 10 mM Tris pH 7.2, 1% Triton

X-100, 0.1% SDS, 1% deoxycholate, 5 mM EDTA).

SDS-PAGE and immunoblot analysis

Proteins were resolved by SDS-PAGE and transferred to

nitrocellulose membrane for immunoblot analysis. The membrane

was blocked in 5% non-fat milk in TBST (263 mM NaCl, 150 mM

Tris–HCl, 0.5% Tween-20, pH 7.4) at room temperature for 1 h and

incubated with anti-myc antibody (1:5000), anti-huMtCK (1:2000),

anti-flag M2 (1:5000), anti-APP (1:8000), anti-APLP1 (1:5000),

anti-APLP2 (1:2000), or anti-EGFP (1:350). The membrane was

subsequently incubated with either anti-rabbit or anti-mouse IgG–

HRP-conjugated secondary antibody for another hour. Proteins

were visualized using chemiluminescence Supersignal West Pico or

West Femto kit (Pierce Chemical Co., Rockford, IL).

Differential centrifugation

The crude mitochondria preparations from transfected COS7

cells were collected using Mitochondria Isolation Kit (Pierce Che-

mical Co., Rockford, IL) according to the manufacturer’s protocol.

Briefly, transfected cells were pelleted at 1000 � g for 5 min,

washed with 1�DPBS and resuspended in reagent A. After addition

of reagents B and C, the supernatant was centrifuged at 700� g and

again at 3000 � g to obtain the mitochondria-enriched fraction.

Metabolic labeling and IP

Transfected COS7 cells were starved in labeling medium

(DMEM without l-Met, l-Gln, and l-Cys, 10% dialyzed FBS,

1% P/S, 2 mM Glu) for 1 h and then incubated in labeling medium

containing 0.2 mCi/ml [35S]-protein labeling mix (NEG-772,

Perkin-Elmer Life Sciences, Inc.) for 8 min at 37-C. Immediately

after labeling, the cells were washed in normal DMEM medium. At

 http:\\www.prospector.ucsf.edu 
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specific chase time points, the cells were lysed in 1% Triton lysis

buffer as described above. uMtCK was immunoprecipitated using

anti-myc antibody and protein G–sepharose beads at 4-C for 2 h.

The immunoprecipitates were washed three times with RIPA buffer

and subjected to SDS-PAGE and autoradiography.

Primary neuronal culture and immunocytochemistry

Embryonic day 18 mouse telencephalon was dissected, and the

cells were dissociated by trituration in Hank’s balanced salt

solution (HBSS) without Ca2+ and Mg2+, supplemented with 1.0

mM sodium pyruvate and 10 mM HEPES. Approximately, 3 � 106

cells were plated on poly-d-lysine-coated coverslips in a 60 mm

dish. Cells were maintained in B27 supplemented neurobasal

medium for 4 days and then fixed and permeabilized in 4%PFA/

0.1% Triton in 1� PBS. After blocking in 3% horse serum at

room temperature for 15 min, the cells were incubated with anti-

uMtCK (1: 500) and anti-APP (1:500) in 1�PBST for 1 h at RT,

washed 3 � 5 min with PBST, then incubated with FITC

conjugated anti-rabbit (1:1000) and TR-conjugated anti-mouse

(1:1000) for 30 min at room temperature. Fluorescence was

examined by confocal laser microscopy (BIO-RAD MRC-1024,

Bio-Rad laboratories).
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