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Abstract

Polymorphic variation in the apolipoprotein E (apoE) gene is the major genetic susceptibility factor for late-onset
Alzheimer’s disease (AD) and likely contributes to neuropathology through various pathways. It is also recognized that apoE
undergoes proteolytic cleavage in the brain and the resultant apoE fragments likely have a variety of bioactive properties
that regulate neuronal signaling and may promote neurodegeneration. ApoE fragmentation in the human brain has been
intensively studied using different immunochemical methods, but has never been analyzed in a quantitative manner to
establish preferably accumulated fragments. Here we report quantification using multiple reaction monitoring mass
spectrometry (MRM MS) with 15N-labeled full-length apoE4 as an internal standard. Measurements were performed on
frontal cortex from control and severe AD donors. Our data point to a preferable accumulation of C-terminal apoE fragment
in the insoluble fraction of tissue homogenate in the severe AD group versus the control group. Further insight into the
biological consequences of this accumulation may lead to a better understanding of the basic mechanism of AD pathology.
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Introduction

Apolipoprotein E (apoE) is a glycoprotein that was initially

recognized for its importance in lipid transport in peripheral

circulation and the central nervous system. More recently, it has

been studied for its role in Alzheimer’s disease (AD). Human apoE

has three major isoforms, apoE2, apoE3, and apoE4, which differ

by single amino acid substitutions involving cysteine-arginine

replacements at positions 112 and 158 [1].ApoE4 (e4 allele) is a

major genetic risk factor for late-onset AD [2]. Although

numerous studies support a role of apoE4 in enhancing the risk

for AD, the mechanism by which apoE4 contributes to AD

pathogenesis remains obscure. Several lines of evidence point to

the fact that apoE4 is highly susceptible to proteolysis compared to

apoE3, and that the link between apoE4 and AD may be in

generation of stable fragments that enhance pathology.ApoE

(<34 kDa) contains two domains, referred to as the N-terminal (<
22 kDa) and C-terminal (<10 kDa) domains, which are connected

by a short hinge region [3]. The hinge has multiple protease-

sensitive sites and can be cleaved by a wide range of proteases [3–

6]. The N-terminal domain is thought to harbor the low-density

lipoprotein receptor binding site while the C-terminal domain is

believed to mediate apoE oligomerization and contains the major

lipid binding site. First, analysis of proteins co-purified with

amyloid fibrils revealed<8–9-kDa C-terminal fragments of apoE

[7]. Later, a 22 kDa N-terminal fragment of apoE was found in

brain and cerebrospinal fluid [8]. In addition, fragments generated

by off-hinge cleavage were also reported. These include a 30 kDa

N-terminal fragment (carboxyl-terminal-truncated apoE), which is

generated by cleavage at sites within the C-terminal domain [4,9],

and an 18 kDa N-terminal fragment, which is generated by

cleavage within the N-terminal domain [4,9,10]. Overall, presence

of N- and C-terminal apoE fragments in brain extracts was

confirmed by immunoblotting with N-terminal-specific and C-

terminal-specific antibodies [11]. Despite intensive research on

apoE fragments [5,12–15], there is no consensus on which

fragments are preferably accumulated and what their actual

pathological functions are, if any. The relative distribution

between soluble and insoluble cell fractions also remains unclear.

Furthermore, it has not yet been determined whether formation of

fragments is dependent on the particular apoE isoforms or

presence of AD.

We have recently reported a mass spectrometry-based approach

for selective quantification of apoE isoforms [16]. In the present

study, we utilized this approach to assess protein level and soluble/

insoluble distribution of apoE based on N- and C-terminal

peptides of total apoE and apoE4 isoform in the control and AD

frontal cortex from human postmortem brain. For the first time,

we provide quantitative evidence for a preferable accumulation of

apoE C-terminal fragment in the insoluble fraction of AD frontal

cortex homogenate.

PLOS ONE | www.plosone.org 1 April 2013 | Volume 8 | Issue 4 | e61498



Methods

Materials
Ammonium chloride (15N, 99%) was purchased from Cam-

bridge Isotope Laboratories (Andover, MA). The DC Protein

Assay kit was from Bio-Rad Laboratories (Hercules, CA).

Sequencing grade modified trypsin was obtained from Promega

Corp. (Madison, WI). All other chemicals were purchased from

Sigma-Aldrich (St. Louis, MO).

Expression and Purification of 15N-Labeled apoE4
The plasmid containing human cDNA for full-length apoE4 in

pET32a vector was kindly provided by Dr. Karl Weisgraber

(Gladstone Institute of Neurological Disease, UCSC, San

Francisco, CA). 15N-Labeled apoE4 (15N-apoE4) was expressed

as a His-tagged apoE4-thioredoxin fusion protein in One Shot

BL21(DE3) competent E.coli (Invitrogen, Grand Island, NY) as

described [16]. Initial purification of 15N-apoE4 on Ni-NTA

Agarose column (Qiagen, Valencia, CA) and further purification

on a hydroxyapatite (Bio-Rad Laboratories, Hercules, CA) column

were performed as described [16]. The purification resulted in a

protein with molecular mass<50 kDa as determined by SDS

PAGE. In-gel trypsin digestion in combination with mass

spectrometry analysis on a 4700 Proteomics Analyzer (AB Sciex,

Framingham, MA) confirmed the protein as a 15N-apoE4-

thioredoxin fusion protein, further referred to as 15N-apoE4.

Human Tissues
Samples of frontal cortex were received from the Washington

University School of Medicine Alzheimer’s Disease Research

Center. Human tissues were collected in accordance with a

guidance of the Washington University Human Research Protec-

tion Office (HRPO number: 89-0556). The authors consulted the

HRPO, which determined that Institutional Review Board (IRB)

oversight was not required for this study. In the state of Missouri,

individuals can give prospective consent for autopsy. Our

participants provide this consent by signing the hospital’s autopsy

form. If the participant does not provide future consent before

death, the DPOA or next of kin provide it after death. All data

were analyzed anonymously. Demographic information on the

donors is summarized in Table S1. The Clinical Dementia Rating

(CDR) listed in Table S1 is a numeric scale used to quantify the

severity of symptoms of dementia. The composite score of CDR

ranging from 0 through 3 with CDR equals 0 for no symptoms

and CDR equals 3 for severe symptoms (http://www.biostat.

wustl.edu/,adrc/cdrpgm/index.html).

Sample Processing
Sample processing followed the previously published protocol

[16] with minor modifications. In brief, the human brain tissue

was placed in 25 mmol/L NH4HCO3 and homogenized by

sonication on ice at 30 W using three 10 s continuous cycles

(Sonicator 3000, Misonix Inc., Farmingdale, NY). The total

protein concentration was measured in the presence of 1% SDS

(mass concentration) using the DC Protein Assay kit and bovine

serum albumin as a standard. The homogenates were then

aliquoted into 0.2 mg-portions of total tissue protein per tube; this

is referred to as the whole tissue homogenate. One set of tubes was

frozen at 280uC while another set of tubes was first centrifuged at

153,000 6 g for 30 min to generate the high-speed supernatant

and pellet, which were separately frozen at 280uC. Consequently,

the measurements of total apoE and specific apoE4 were later

performed on three different sets of samples: the whole tissue

homogenate, the high-speed supernatant, and the high-speed

pellet. In all cases, the samples were placed in 25 mmol/L

NH4HCO3/1% SDS/20 mmol/L DTT and supplemented with

1 pmol of 15N-apoE4. The mixture was incubated at room

temperature for 60 min to allow reduction of cysteines and was

then treated with 50 mmol/L iodoacetamide for another 60 min.

Alkylated samples were precipitated with chloroform/methanol

[17]. The protein pellets obtained were sonicated in 100 mL of

25 mmol/L NH4HCO3 and treated with trypsin for 15 h at 37uC.

The substrate/trypsin ratio was 50:1 (weight/weight). After

trypsinolysis, 0.5% trifluoroacetic acid (TFA) (volume concentra-

tion) was added to each sample. The samples were then

centrifuged at 153,000 6g for 30 min and the peptide-containing

supernatants were transferred to new tubes and dried using a

Vacufuge (Eppendorf AG, Hamburg, Germany).

MRM MS Analysis
The dried peptides were reconstituted in 3% acetonitrile/0.1%

formic acid (volume concentrations). Peptides separation and

MRM analysis were performed on a hybrid triple quadrupole/

linear ion trap mass spectrometer (4000 QTRAP, AB Sciex,

Framingham, MA) coupled to an Eksigent nanoLC-2D system

(Dublin, CA). Peptides were separated and eluted at a flow rate of

300 nL/min over 30 min-gradient of acetonitrile from 15% to

35% containing 0.1% formic acid in H2O by an Eksigent

cHiPLC- nanoflex system equipped with a nano cHiPLC column,

15 cm 6 75 mm, packed with ReproSil-Pur C18-AQ, 3 mm (Dr.

Maisch, Germany). The eluted sample was directed into the

nanospray source of the mass spectrometer controlled by Analyst

1.5.1 (AB Sciex, Framingham, MA). The subsequent MRM

detection of signature peptides was performed in the positive ion

mode with the following major parameters: an ion spray voltage of

2200 V, curtain gas of 15 psi, source gas of 20 psi, interface

heating temperature of 170 uC, declustering potential of 76 V for

+2 precursor ions and 65 V for +3 precursor ions, collision cell exit

potential of 16 V for +2 precursor ions and 13V for +3 precursor

ions, and dwell time of 40 ms.

Data Analysis
Initial list of MRM transitions was selected as described [18]

and was experimentally screened for the three most intensive

transitions per peptide. These transitions were further used for

quantification and are listed in the Table S2. The relative ratios of

the three transitions monitored in the 25 mmol/L NH4HCO3 for
15N-apoE4 were similar to those observed by spiking 15N-apoE4

into the human brain samples. This confirms no significant

interference from tissue for the quantification based on the selected

transitions. The linearity of the optimum transitions was verified

by spiking whole homogenate samples with varying amounts of the
15N-apoE4. The identities of the measured peptides were

confirmed based on the retention time of the three MRM peaks

from a given peptide and the relative ratio among the three MRM

peaks. Protein concentrations were calculated from the ratio of the

light and heavy MRM peak intensities multiplied by the known

amount of 15N-apoE4 spiked into the sample. All three transitions

from each peptide were treated as independent measurements,

each resulting in a concentration value expressed as pmol of the

quantified protein per mg of tissue protein. The level of each given

peptide was based on the mean6SD of the transitions from this

peptide.The consensus apoE concentrations were calculated as a

mean6SD based on selected signature peptides.

C-Terminal Fragment of Apolipoprotein E

PLOS ONE | www.plosone.org 2 April 2013 | Volume 8 | Issue 4 | e61498



Results and Discussion

Full-length Protein Standard
Figure 1 provides a schematic representation of apoE protein.

The N-terminal domain, hinge, and C-terminal domain are shown

in blue, red, and green, respectively. Isotope-labeled, full-length

protein standard (15N-apoE4) allows simultaneous quantification

of a total apoE based on different peptides derived from the N-

terminal domain, hinge, or C-terminal domain and therefore these

measurements should all result in the same quantification so long

as apoE has not been fragmented. However if cleavage of hinge

occurred and accumulation of either domain exceeds another one,

the quantitative differences based on individual peptides will

appear. In addition, 15N-apoE4 has a unique peptide (shown as an

orange box), which allows selective quantification of a combined

full-length and N-terminal domain of apoE4 isoform.

Quantification of Total ApoE
We have quantified total apoE based on three peptides in the N-

terminal domain (P1, P2, and P3), one peptide in the hinge (P4),

and three peptides in the C-terminal domain (P5, P6, and P7). The

amino acid sequences and MRM transitions for these peptides are

summarized in Table S2. Measurements were performed for

whole homogenates of frontal cortex from control and severe AD

donors and three transitions were monitored per peptide. For each

donor, measurements based on P1, P2, and P3 showed less than

20% variation (Table S3) and were combined into a single mean

value for the N-terminal domain. Measurements for each donor

based on P5, P6, and P7 also showed less than 20% variation

(Table S3) and were combined into a single mean value for the C-

terminal domain. In other words, each quantification of total

apoE, one based on the N-terminal domain and one based on the

C-terminal domain, represents an average of three transitions per

peptide for three peptides per domain. The summarized data for

whole homogenate are plotted as a bar graph in Figure 2.

It appears that measurements based on the hinge peptide P4

were consistently lower than measurements based on the N- and

C-terminal domains. These lower values were especially obvious

for the AD group (Figure 2B). Given that the hinge region is prone

to cleavage by multiple proteases, it prompted a conclusion that

hinge region of apoE undergoes more efficient cleavage in AD

group versus control group. However, this is not the only one

explanation for lower measurements based on hinge peptide P4. It

was reported that Thr212 in the hinge peptide P4 (AAT212VG-

SLAGQPLQER) is O-glycosylated in the apoE from human

cerebrospinal fluid [19]. Data for potential hinge glycosylation in

brain are not available. Nevertheless, there appear to be different

overlapping conditions that might result in lower measurements

based on hinge peptide P4 observed in the current study.

We have to emphasize that quantification based on the N-

terminal domain represents a combined amount of the full-length

apoE plus N-terminal fragment(s), if any. The same is correct for

the quantification based on the C-terminal domain, which

represents a combined amount of the full-length apoE plus C-

terminal fragment(s), if any. It means that we cannot state the

existence of fragments based on these quantifications taken alone.

However, comparison of quantifications based on N-terminal and

C-terminal domains can demonstrate which fragment is accumu-

lated in excess. The quantification of apoE based on the N-

terminal domain shows low donor-to-donor scatter and was from

3.8 to 5.2 pmol apoE/mg of tissue protein in the control group.

The quantification of apoE based on the C-terminal domain also

showed low donor-to-donor scatter in the control group; however,

the absolute values were consistently a little higher in a range from

5.0 to 6.8 pmol apoE/mg of tissue protein. In the AD group, the

difference between quantification based on the N-terminal and C-

terminal domain was apparent. The concentrations were in a

Figure 1. Schematic representation of apoE. The N-terminal domain (22 kDa), hinge, and C-terminal domain (10 kDa) are shown in blue, red,
and green, respectively. Signature peptides used to quantify apoE based on the N-terminal domain (P1, P2, and P3), hinge (P4), or C-terminal domain
(P5, P6, and P7) are shown as pink boxes. A unique peptide used to selectively quantify the apoE4 isoform is located in the N-terminal domain and
shown as an orange box.
doi:10.1371/journal.pone.0061498.g001

Figure 2. Quantification of total apoE in whole frontal cortex homogenate. Measurements were performed on the control (A) and severe
AD (B) frontal cortex. The apoE genotype is shown for each donor. The concentration of total apoE in pmol/mg total protein was calculated based on
peptides in the N-terminal, hinge, and C-terminal domains and is color coordinated. The concentration was calculated for three experimental
replicates by monitoring three transitions per individual peptide. For N-terminal and C-terminal domain the data for three signature peptides were
combined. All final data are presented as the mean6SD.
doi:10.1371/journal.pone.0061498.g002

C-Terminal Fragment of Apolipoprotein E
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range from 4.8 to 9.1 pmol apoE/mg tissue protein based on the

N-terminal domain and substantially higher from 8.0 to16.0 pmol

apoE/mg tissue protein based on the C-terminal domain.

Taken together, our quantitative data recognize higher total

level of apoE in the AD group. However, these data can also be

interpreted as an accumulation of both apoE fragments, N-

terminal and C-terminal, since our quantifications represent a

combined amount of full-length apoE and either one fragment.

Overall, the evident observation from these measurements is that

for the first time quantitative data point to a preferable

accumulation of apoE C-terminal fragment in the AD group

versus control group.

Tissue apoE can be separated into two pools by high-speed

centrifugation, with soluble apoE in the supernatant and insoluble

apoE in the pellet. The apoE recovered from the pellet most likely

represents apoE oligomers and/or apoE complexes with biological

Figure 3. Quantification of total apoE in supernatant and pellet fractions of whole frontal cortex homogenate. Measurements were
performed on the control (A and C) and severe AD (B and D) frontal cortex. The supernatant (A and B) and pellet (C and D) fractions were generated
by centrifugation of whole frontal cortex homogenate at 153,000 6 g for 30 min. The concentration of total apoE in pmol/mg total protein was
calculated based on peptides in the N-terminal, hinge, and C-terminal domains and is color coordinated. The concentration was calculated for three
experimental replicates by monitoring three transitions per individual peptide. For N-terminal and C-terminal domain the data for three signature
peptides were combined. All final data are presented as the mean6SD.
doi:10.1371/journal.pone.0061498.g003

Table 1. Comparison of total apoE and apoE4 quantifications.

ApoE, pmol/mg tissue protein

whole homogenate supernatant pellet

N-terminal C-terminal N-terminal C-terminal N-terminal C-terminal

Control (e3/e3) 4.760.5 5.560.7 3.360.7 2.961.1 2.360.4 2.660.5

AD (e3/e4) 6.261.5 9.262.1 2.560.6 2.560.5 4.861.4 8.0 62.1

AD (e4/e4) 9.761.0 15.762.8 3.061.1 2.660.8 6.760.5 12.060.8

ApoE4, pmol/mg tissue protein

whole homogenate supernatant pellet

AD (e3/e4) 3.160.8 1.560.7 2.260.5

AD (e4/e4) 10.061.0 3.060.4 7.460.3

doi:10.1371/journal.pone.0061498.t001

C-Terminal Fragment of Apolipoprotein E
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membranes and amyloid beta [5,7,11]. We have tracked C-

terminal fragment accumulation by quantifications in the super-

natant and pellet fractions obtained by high-speed centrifugation

of the whole homogenate. Measurements were performed on the

same samples of frontal cortex from the control and severe AD

donors and summarized in Figure 3. Measurements in the

supernatant based on N- and C-terminal domains demonstrated

similar levels of total apoE in both control and AD groups

(Figure 3A and 3B). This indicates that the pool of soluble apoE

does not have preferable accumulation of either fragment. In

contrast, measurements in the pellet based on the C-terminal

domain were higher than those based on the N-terminal domain

in AD group (Figure 3D). This demonstrated accumulation of the

C-terminal fragment in the pellet of AD group versus control

group where measurements based on both domains were similar

(Figure 3C). In summary, we have assigned the AD-associated C-

terminal fragment accumulation to the pellet fraction of whole

tissue homogenate.

Quantification of apoE4 and Data Analysis Based on apoE
Genotype

ApoE4 was measured based on apoE4-specific peptide (LGAD-

MEDVR) located in the N-terminal domain (shown in orange in

Figure 1). Measurements for apoE4 were performed in-parallel

with total apoE in the same MRM runs. The goal of selective

apoE4 quantification was to explain the difference (if any) between

apoE3 and apoE4 in the C-terminal domain accumulation.

Table 1 shows combined data for three apoE genotypes; e3/e3

(5 control donors, n = 5), e3/e4 (4 AD donors, n = 4), and e4/e4 (2

AD donors, n = 2). It is important to underline that the data for

apoE4 in e4/e4 genotype samples based on common N-terminal

peptides (9.761.0 pmol/mg tissue protein) and based on specific

apoE4 peptide (10.061.0 pmol/mg tissue protein) are almost

identical (Table 1). This comparison validates consistency of apoE

and apoE4 MRM measurements based on the 15N-apoE4 internal

standard.

We further calculated the ratio of concentrations obtained based

on C-terminal versus N-terminal domains. In the supernatant,

these ratios deviate little from 1.0. At the same time, these ratios

gradually increase in the whole homogenate for e4/e4 (1.62).e3/

e4 (1.48).e3/e3 (1.17) and in the pellet for e4/e4 (1.79).e3/e4

(1.67).e3/e3 (1.13). To find a significant difference between

sample groups, we calculated a proportion between ratios and P-

value. The pair-wise comparison is summarized in Table 2 and

shows a significant P-value (# 0.05) for comparison of AD vs.

control and e4/e4 vs. e3/e3. It seems that this could point to apoE4

as a source of C-terminal fragment accumulation. However, it is

important to remember that the sample size of the e4/e4 group is

small and this interpretation has a limitation since all of the e3/e3

samples are in the control group while all of the e3/e4 and e4/e4

samples are in the AD group.

Conclusions

We have provided quantitative data that are consistent with

earlier observations in the field of apoE fragmentation. This

includes the AD-associated higher level of total apoE, which also

could be interpreted as accumulation of the N-terminal and C-

terminal apoE fragments. In addition, for the first time, we have

provided quantitative data about the AD-associated preferable

accumulation of apoE C-terminal fragment. Furthermore, we

have assigned the accumulation of C-terminal fragment to the

insoluble pool of apoE, which represents a pellet fraction of the

whole homogenate after high-speed centrifugation. Our initial

data suggest that apoE4 could be a source of the C-terminal

fragment accumulation; however other experimental approaches

and larger sample size will be worthy for its validation as well as for

further investigation of functional consequences of C-terminal

fragment accumulation.

Supporting Information

Table S1 Information on the donors of frontal cortex.

(DOCX)

Table S2 Peptides and MRM transitions used for the quanti-

fication.

(DOCX)

Table S3 Total apoE concentrations quantified in the whole

homogenate based on individual P1, P2, P3, P4, P5, P6, and P7

peptides.

(DOCX)

Acknowledgments

We thank Dr. K.H. Weisgraber (Gladstone Institute of Neurological

Disease, UCSF, San Francisco, CA) for expression construct for human

apoE4. Certain commercial materials, instruments, and equipment are

identified in this manuscript in order to specify the experimental procedure

as completely as possible. In no case does such identification imply a

recommendation or endorsement by the National Institute of Standards

and Technology nor does it imply that the materials, instruments, or

equipment identified are necessarily the best available for the purpose.

Author Contributions

Conceived and designed the experiments: MW IVT. Performed the

experiments: MW IVT. Analyzed the data: MW IVT. Wrote the paper:

MW IVT.

References

1. Weisgraber KH, Rall SC Jr, Mahley RW (1981) Human E apoprotein

heterogeneity. Cysteine-arginine interchanges in the amino acid sequence of the

apo-E isoforms. J Biol Chem 256: 9077–9083.

2. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, et al.

(1993) Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s

disease in late onset families. Science 261: 921–923.

3. Wetterau JR, Aggerbeck LP, Rall SC Jr, Weisgraber KH (1988) Human

apolipoprotein E3 in aqueous solution. I. Evidence for two structural domains.

J Biol Chem 263: 6240–6248.

4. Harris FM, Brecht WJ, Xu Q, Tesseur I, Kekonius L, et al. (2003) Carboxyl-

terminal-truncated apolipoprotein E4 causes Alzheimer’s disease-like neurode-

Table 2. Pair-wise comparison of the ratios of C-terminal
domain vs. N-terminal domain quantification between sample
groups.

sample groups whole homogenate pellet

proportion P-value proportion P-value

AD vs. control 1.3 0.05 1.6 0.001

(e3/e4) vs. (e3/e3) 1.3 0.13 1.6 0.029

(e4/e4) vs. (e3/e3) 1.4 0.06 1.6 0.015

(e4/e4) vs. (e3/e4) 1.1 0.61 1.0 0.996

doi:10.1371/journal.pone.0061498.t002

C-Terminal Fragment of Apolipoprotein E

PLOS ONE | www.plosone.org 5 April 2013 | Volume 8 | Issue 4 | e61498



generation and behavioral deficits in transgenic mice. Proc Natl Acad Sci USA

100: 10966–1971.
5. Marques MA, Owens PA, Crutcher KA (2004) Progress toward identification of

protease activity involved in proteolysis of apolipoprotein E in human brain.

J Mol Neurosci 24: 73–80.
6. Zhou W, Scott SA, Shelton SB, Crutcher KA (2006) Cathepsin D-mediated

proteolysis of apolipoprotein E: possible role in Alzheimer’s disease. Neurosci-
ence 143: 689–701.

7. Castano EM, Prelli F, Pras M, Frangione B (1995) Apolipoprotein E carboxyl-

terminal fragments are complexed to amyloids A and L: implications for
amyloidogenesis and Alzheimer’s disease. J Biol Chem 270: 17610–17615.

8. Marques MA, Tolar M, Harmony JA, Crutcher KA (1996) A thrombin cleavage
fragment of apolipoprotein E exhibits isoform-specific neurotoxicity. Neurore-

port 7: 2529–2532.
9. Huang Y, Liu XQ, Wyss-Coray T, Brecht WJ, Sanan DA, et al. (2001)

Apolipoprotein E fragments present in Alzheimer’s disease brains induce

neurofibrillary tangle-like intracellular inclusions in neurons. Proc Natl Acad Sci
USA 98: 8838–8843.

10. Rohn TT, Catlin LW, Coonse KG, Habig JW (2012) Identification of an amino-
terminal fragment of apolipoprotein E4 that localizes to neurofibrillary tangles of

the Alzheimer’s disease brain. Brain Res1475: 106–115.

11. Cho HS, Hyman BT, Greenberg SM, Rebeck GW (2001) Quantification of
apoE domains in Alzheimer disease brain suggests a role for apoE in Abeta

aggregation. J Neuropathol Exp Neurol 60: 342–349.
12. Tolar M, Marques MA, Harmony JAK, Crutcher KA (1997) Neurotoxicity of

the 22 kDa thrombin-cleavage fragment of apolipoprotein E and related
synthetic peptides is receptor-mediated. J Neurosci 17: 5678–5686.

13. Chang S, Ma TR, Miranda RD, Balestra ME, Mahley RW, et al. (2005) Lipid-

and receptor-binding regions of apolipoprotein E4 fragments act in concert to

cause mitochondrial dysfunction and neurotoxicity. Proc Natl Acad Sci USA

102: 18694–18699.

14. Bien-Ly N, Andrews-Zwilling Y, Xu Q, Bernardo A, Wang C, et al. (2011) C-

terminal-truncated apolipoprotein (apo) E4 inefficiently clears amyloid-b (Ab)

and acts in concert with Ab to elicit neuronal and behavioral deficits in mice.

Proc Natl Acad Sci USA 108: 4236–4241.

15. Elliott DA, Tsoi K, Holinkova S, Chan SL, Kim WS, et al. (2011) Isoform-

specific proteolysis of apolipoprotein-E in the brain. Neurobiol Aging 32: 257–

271.

16. Wang M, Chen J, Turko IV (2012) 15N-Labeled full-length apolipoprotein E4

as an internal standard for mass spectrometry quantification of apolipoprotein E

isoforms. Anal Chem 84: 8340–8344.

17. Liao WL, Turko IV (2008) Strategy combining separation of isotope-labeled

unfolded proteins and matrix-assisted laser desorption/ionization mass spec-

trometry analysis enables quantification of a wide range of serum proteins. Anal

Biochem 377: 55–61.

18. Liao WL, Heo GY, Dodder NG, Pikuleva IA, Turko IV (2010) Optimizing the

conditions of a multiple reaction monitoring assay for membrane proteins:

quantification of cytochrome P450 11A1 and adrenodoxin reductase in bovine

adrenal cortex and retina. Anal Chem 82: 5760–5767.

19. Nilsson J, Ruetschi U, Halim A, Hesse C, Carlsohn E, et al. (2009) Enrichment

of glycopeptides for glycan structure and attachment site identification. Nat

Methods 6: 809–811.

C-Terminal Fragment of Apolipoprotein E

PLOS ONE | www.plosone.org 6 April 2013 | Volume 8 | Issue 4 | e61498


