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Abstract. After age, polymorphisms of the Apolipoprotein E (APOE) gene are the biggest risk factor for the development
of Alzheimer’s disease (AD). During our investigation to discovery biomarkers in plasma, using 2D gel electrophoresis,
we found an individual with and unusual apoE isoelectric point compared to APOE ε2, ε3, and ε4 carriers. Whole exome
sequencing of APOE from the donor confirmed a single nucleotide polymorphism (SNP) in exon 4, translating to a rare
Q222K missense mutation. The apoE ε4 (Q222K) mutation did not form dimers or complexes observed for apoE ε2 & ε3
proteins.
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INTRODUCTION

Sporadic (non-familial) Alzheimer’s disease (AD)
is a condition with progressively grave consequences
for cognitive function, resulting from complex and
incompletely understood etiology. The biggest risk
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factor, after age, for developing the disease are allelic
variations within the gene encoding the cholesterol
and lipid transporter, apolipoprotein E (APOE) [1].
There are three common APOE alleles in the gen-
eral population defined as: APOE ε2, APOE ε3, and
APOE ε4 [2]. Each allele encodes for an apoE pro-
teoform where two cysteine residues are present in
apoE ε2, or mutated to arginine C158R in apoE ε3, or
C112R/C158R in apoE ε4 [3]. The mutation to argi-
nine produces one or two additional positive charges
relative to apoE ε2, at biological pH. The introduction
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of the additional basic residues in apoE ε3 and apoE
ε4 results in a shift in the isoelectric point of the pro-
teins and was the basis of their nomenclature [4, 5].
The importance of apoE in AD is demonstrated by
the significantly different effects that APOE’s three
main alleles, ε2, ε3, and ε4, have on the prevalence
and age of inception AD in their carriers. APOE ε4
is the most jeopardizing allele, conferring a dose-
dependent increase to the risk for AD and reducing
the mean age of onset about ten years in homozygous
ε4 persons, compared to persons without ε4 allele
[6, 7].

Amyloid plaques are one of the major patholog-
ical hallmarks in AD. The peptide amyloid-� (A�)
is a major component of amyloid plaques [8]. The
buildup and eventual deposition of A� is due to a
2–5% decrease in the clearance of A� from the brain
[9, 10]. ApoE ε2 and ε3 bind to A�; however, this is
lost in the apoE ε4 variant [11, 12]. The loss in binding
is thought to contribute to a decrease in the clear-
ance of A� and thus is part of the mechanism for the
increased risk of apoE ε4 allele carriers to develop AD
[13–15]. And in mouse models blocking the apoE:A�
interaction can have significant effects on amyloid
and tangle formation [16]. The formation of homod-
imers of apoE and the ability to form complexes
with A� and other proteins is only one functional
difference between the apoE variants. This includes
the important discoveries about rare APOE missense
variants that impact protein function and modify dis-
ease risk. The discovery of the protective roles of
Christchurch (R136S) in autosomal dominant PSEN1
familial AD and the Jacksonville (V236E), & R251G
mutations that are protective against sporadic AD
[17–20]. Similarly, the ε7 (E244K,E245K) mutant
can increase the risk for AD. Other mutations like
R145C mutant can results in altered function includ-
ing mild triglyceride dyslipidemia [21]. As genome
sequencing continues to expand new potential dis-
ease modifying variants for AD are being discovered
[22]. The combination of rare variants and sufficiently
large studies to determine their disease impact have
potential to develop new avenues of drug develop-
ment that target APOE [23].

The Australian Imaging, Biomarker and Lifestyle
(AIBL) study of aging is a longitudinal study of over
1,117 volunteers and includes amyloid positron emis-
sion tomography (PET) imagining, as well as several
repeated cognitive and behavioral tests [24]. The find-
ings reported in this paper were made while we were
conducting a discovery plasma proteomic project,
searching for blood-based biomarkers, that could aid

in the early diagnosis of AD [25]. The technique we
used for our proteomic approach was large format
(24 cm) 2D gel electrophoresis, where proteins are
differentially labelled with high sensitivity fluores-
cent Zdyes™ [26]. The use of 2D gels was fortuitous
as it allowed us to discover the APOE mutation we
report here, because it caused a clearly detectable
shift in the isoelectric point of the mutant protein.
This mutation would have been missed via standard
bottom-up mass spectrometry, because of the require-
ment that the database contain the mutant protein
sequence to provide a match. Here we report Q222K
mutation in an individual within the ABIL cohort.
The three main alleles, ε2, ε3, and ε4, of APOE mod-
ify disease risk; however, it is not clear if it is due to
a gain of loss in function. Several functions are pre-
scribed to apoE protein including lipid transport [27],
innate and adaptive immume responses [28], inhibitor
of ferroptosis [29], and in the context of AD is impli-
cated in the clearance of A� [15, 30]. Because one
hypothesis for loss of A� clearance is due to the loss
of a direct interaction with apoE, we investigated if
the Q222K mutation modulated the ability of apoE to
form complexes with itself or other proteins in vivo.

MATERIALS AND METHODS

Ethics approval

The AIBL study was approved by the following
institutional human research ethics committees of
Austin Health, St Vincent’s Health, Hollywood Pri-
vate Hospital and Edith Cowan University.

APOE genotyping

DNA extraction was carried out using either
QIAamp DNA blood Midi or Maxi kits (Qia-
gen), according to the manufacturer’s protocol.
APOE genotype was determined through TaqMan®
genotyping assays (Life Technologies) for rs7412
(Assay ID: C 904973 10) and rs429358 (Assay ID:
C 3084793 20) on a QuantStudio 12K-Flex™ real-
time PCR system (Applied Biosystems) using the
TaqMan® GTXpress™ Master Mix (Life Technolo-
gies) as per manufacturer’s instructions.

Whole exome sequencing

The sequencing of the four coding exons of APOE
was undertaken using a five amplicon design, with
Exons 1 through 3 amplified as a single amplicon and
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Table 1
Primers for exome sequencing

Primer Annealing Temp (◦C) Primer Sequence

Apoe EX1 F 56 TGTGGGGGGTGGTCAAAAGA
Apoe EX1 R 56 CCCCGAGTAGCTCTCCTGAGAC
Apoe EX2 F 56 GCTAACCTGGGGTGAGGCC
Apoe EX2 R 56 GCCCAGGGTCTGCCTGAAT
Apoe EX3 F 56 CCACCATGGCTCCAAAGAAG
Apoe EX3 R 56 ACTTAGCGACAGGGGCAGAA
Apoe EX4 part1 F 58 TGGGTCTCTCTGGCTCATCC
Apoe EX4 part1 R 58 TGCCCATCTCCTCCATCCG
Apoe EX4 part2 F 58 GCCGCCACTGTGGGCTCC
Apoe EX4 part2 R 58 AGGAGGGGGCTGAGAATTGTG

EX#, Exon; F/R, Forward/Reverse.

Exon 4 split in two overlapping amplicons. Exons
were amplified via PCR using GoTaq DNA poly-
merase, 200 �M of each dNTP, 1.5 mM MgCl2 and
primers specific for each exon (Table 1). Thermocy-
cler conditions included an initial denaturation step
at 95◦C for 2 min, followed by 35 cycles of: 94◦C
for 30 s, annealing temperature (Table 1) for 30 s
and 72◦C for 30 s. Finally, at the end of the 35
cycles a 7-min adenylation step was undertaken. To
remove impurities, unpurified PCR sample templates
were cleaned by Solid Phase Reversible Immobi-
lization (SPRI), which utilized paramagnetic beads.
The second part of the Exon 4 required the band
to be gel purified using the Qiagen gel purification
kit. Samples were quantified by gel electrophoresis
against a DNA ladder of known concentration. Puri-
fied DNA fragments were then sequenced using the
Big Dye version 3.1 chemistry (Applied Biosystems)
and post-cleaned using SPRI. Fragments were sepa-
rated on a 3730xI DNA Analyzer, using a 96-capillary
array (Applied Biosystems) at the Australian Genome
Research Facility (Perth, Australia).

Validation and genotyping of Q222K
(Gln222Lys)

The novel non-synonymous SNP 45412217C > A
(variant ID 19-44908960-C-A, Q222K; Gln222Lys);
was validated using a custom TaqMan® geno-
typing assay (Life Technologies), designed via
the Life Technologies’ online Custom TaqMan®
Assay Design Tool (entered sequence and designed
primer/probe sets available upon request). The
nomenclature for the residue numbering used here
includes the first 18 amino acids which are a signal
peptide that is removed from the endogenous apoE
protein. The numbering without the signal peptide
yields C112 and C158 as the location of C−→R

mutation for the different APOE 2, 3, and 4 alleles
types. The location of this mutation without the signal
sequence is Q204K.

Plasma preparation

Plasma was collected as previously described by
[31]. A 250 �L aliquot plasma (using EDTA anti-
coagulant) was thawed on ice for 1 h. An aliquot
(45 �L) was diluted (1:4) with 50 mM TRIS pH
8.0 before affinity enrichment of proteins, using a
prepacked 1 mL heparin sepharose column (GE Life-
science Sweden). The equivalent of 40 �L of neat
plasma was injected on column at a flow rate of
0.5 mL*min–1 and washed with buffer A (20 mM
NaCl 50 mM TRIS pH 8.0) for 4.5 column volumes
(CV). The absorbance at 280 nM was monitored and
when the absorbance returned to baseline the bound
proteins were eluted in a single isocratic step using
100% buffer B (1.5 M NaCl 50 mM TRIS pH 8.0).
The eluted proteins were collected in a 15 mL fal-
con tube (VWR Australia). The 2.5 mL volume of
the collected material was reduced and alkylated
with 10 mM Tris(2-carboxyethyl) phosphine (Pierce
Bond Breaker) and 20 mM 4-vinylpyridine (Sigma)
for 60 min at room temperature, while rotating the
sample slowly on a mechanical wheel. The reduced
and alkylated proteins were then precipitated with
the addition 7.5 mL of chilled acetone (–20◦C, HPLC
grade, Sigma). After several inversions of the tubes
the samples were incubated overnight at –20◦C. The
next day the tubes were centrifuged at 5,000 × g for
20 min at room temperature, the acetone was care-
fully decanted, and the pellet was left to dry for
10 min at room temperature in a ventilated hood. The
pellet was then dissolved with 50 �L of 8 M urea
4% CHAPS. The protein concentration was deter-
mined by BCA protein assay and typically yielded
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5–8 mg*mL–1. An aliquot of 40 �g of protein was
diluted with labeling buffer (45 mM bicine, 8M urea,
4% CHAPS pH 8.0) to a final total volume of 10 �L
(i.e., 7 �L of 6 mg*mL–1 with 3 �L labeling buffer).
The samples from different individuals were labeled
with one of two spectrally resolved NHS-fluorescent
Zdyes dyes (JAV-I-187, blue emitting or BDR-I227,
green emitting) as previously described by Laf-
foon et al. [25]. The different colored samples were
mixed before isoelectric focusing (IEF) and 2D gel
separation.

2D-page

24 cm pH 4.9–5.7 narrow range IEF strips (Bio-
Rad) were passively rehydrated with a mixture of
the labelled sample and 472 �L of rehydration buffer
(8 M urea, 4% CHAPS, 1% Destreak™ (GE Health-
care), 1% pH 3–11 IPG buffer (GE Healthcare),
and a trace of bromophenol blue (Sigma-Aldrich)
under biotechnology grade mineral oil (Bio-Rad),
for nine hours at 4◦C, prior to isoelectric focusing.
Isoelectric focusing was performed on an Ettan™
IPGphor II™ ceramic manifold, according to the
follow protocol: Step 500 V for 1000 VHrs; linear
gradient to 1000 V over 1500 VHrs hours; linear
gradient to 10,000 V over 16,500 VHrs hours; step
at 10,000 V for 90,000 VHrs and held at 50 V to
prevent defocusing. After focusing, the strips were
gently rocked in the dark for 15 min in 10 ml of 1%
DTT (Bio-Rad) in equilibration buffer (6 M urea, 2%
SDS, 20% glycerol, 50 mM Tris-HCl pH 8.8), fol-
lowed by 15 min in 10 ml of 2.5% iodoacetamide
(Sigma-Aldrich) in equilibration buffer. For the sec-
ond dimension PAGE, the focused strips were sealed
in agarose with a trace of bromophenol blue onto
24 cm × 1.5 mm, 11% acrylamide gels. PAGE was
run on a water-cooled DALT6 tank for 1 h at 2 W
per gel, followed by approximately 5 h at 15 W per
gel, until the blue dye front migrated to the bottom
of the gels. Gels were scanned, at 100 �m resolu-
tion, for fluorescence using a Typhoon™ Trio scanner
(GE Healthcare). Photomultiplier tube voltages were
selected to assure sub-saturating intensities of pro-
tein spots. Scans of the blue emitting JAV-I-187
labeled proteins used the 488 nm excitation laser
and an HQ 510 nm, 30 nm bandpass emission filter
(Chroma Technology). For the green emitting BDR-
I-227 labeled proteins, the 532 nm excitation laser
was used with a 580 nm, 30 nm bandpass emission
filter (GE Healthcare).

Spot matching and quantitation

Gel image files were imported into Progene-
sis SameSpots software (Nonlinear Dynamics V3.1.
3030.23662). Artefacts were removed from the anal-
ysis, and misalignments were corrected by manual
warping and by adding landmarks when appropriate.

Western blot analysis

EDTA plasma was diluted 1:20 in distilled water,
briefly vortexed and then 10 �L of the diluted plasma
was mixed with 3 �L of 4x Laemmli SDS loading
buffer (non-reducing conditions). To reduce sam-
ples 4x Laemmli SDS loading buffer contained
83 mM Tris(2-carboxyethyl)phosphine (TCEP, Ther-
moFisher), final concentration in the sample of
20 mM TCEP. Samples were heated for 10 min at
90 ◦C before being loaded on to 4–20% gradient
acrylamide gels (Criterion, Bio-rad). Proteins were
transferred to PVDF membranes blocked with 4%
skim milk in tris buffer saline with 0.1% tween-
20. The primary antibody was a rabbit monoclonal
anti-apolipoprotein E (EP1373Y, Novus biologicals),
secondary was a polyclonal Goat, anti-rabbit-HRP
(Dako). Images were captured on ChemiDoc imaging
system (Bio-Rad).

RESULTS AND DISCUSSION

We compared the relative peptide spot positions
of plasma apolipoprotein E (ApoE) isoforms in
the isoelectric dimension of two-dimensional gels
(2D-PAGE), to verify the APOE genotypes of
153 samples. The genotypes: 6 ε2/ε3, 6 ε2/ε4,
44 ε3/ε3, 78 ε3/ε4, and 19 ε4/ε4, as determined
by DNA genotyping, were correctly indicated by
gel spot positions in all but one sample donor.
That anomalous sample, nominally ε4/ε4 by DNA
genotyping, showed an apoE spot position with
an unexpected basic shift, predicting a peptide
with an additional positive charge to that occupied
by standard apoE ε4 (labelled � in Fig. 1). The
donor of the novel APOE variant was an Australian
Caucasian male, 82 years of age at the time of
testing, with no cognitive impairment, as measured
by the Mini-Mental State Exam (baselineMMSE = 28,
T1 = 30, T2 = 28, T3 = 30, T4 = 27, T5 = 28, T6 = 26,
T7 = 28, T8 = 26, T9 = 28, T10 = 28, bold indicates
the timepoint for the blood used in this study,
each timepoint is approximately 18 months apart).
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Fig. 1. Large format 2D gel (pH range 4.7–5.9) comparing the
ApoE proteins from different genotypes. ApoE protein has three
main groups of protein isoforms (circled, A). The white arrows
indicate representative non-apoE “landmark” spots, showing that
there is no appreciable pI shift between the gels. Comparison of
and ε3 and ε4 carriers demonstrates the well know shift in iso-
electric point between different apoE forms as well as the shift
introduced by the missense mutation of cys to arginine. The addi-
tional mutation of Q222K (�) induces a basic shift of similar
magnitude as the cys to arg mutation. ApoE ε2 and ε3 protein vari-
ants are known to form a 45 kDa complex with apoAII:A�. This
complex is present in the ε3 carriers but not in the Q222K (ε4/�)
carrier (B).

The AIBL study is a longitudinal study, and this
individual has undergone eight amyloid PET scans
over the past 14 years. The amyloid PET centiloid
(CL) values have increased over time as follows
despite lack of clinically observed cognitive decline
(BaselinePIB = 22.4, T1PIB = 29.5, T2PIB = 28.5,
T3PIB = 37.6, T4PIB = 31.1, T5NAV = 27.5, T7NAV =
47.9, T10NAV = 71.2; subscript indicates amyloid
tracer used). The advanced age, stability of cognition
over time and only recent increase in brain amyloid
accumulation on an apoE ε4 background could
suggest the mutation is protective, or at least not
deleterious. However, the observation of a greater
number of cases or corroborating biochemical
evidence would be required before any conclusions
could be made.

Based on the anomalous apoE protein pattern
we conducted a complete APOE sequencing of
the donor’s APOE coding exons (Table 1). The
exon sequencing revealed a novel, non-synonymous,
single nucleotide polymorphism (SNP) in exon 4
(Supplementary Fig. 1), translating to Q222K, and
validating the shift in the protein isoelectric point. To
investigate the novelty of this mutation we looked at
frequency that it has been observed in gnomAD [32].
This misssense mutation has been observed four pre-
vious times, twice in an African ancestry and once in
European. The Q222K rare missense mutation has a
mean allele frequency (MAF) of 2.6 e-5. Structurally,

Fig. 2. Comparison of ApoE protein complexes between the
Q222K mutation and APOE ε2, ε3, and ε4 carriers. Western
blot analysis for apoE forms on neat plasma in the presence or
absence of reducing agent (10 mM Tris(2-carboxyethyl) phosphine
(TCEP)). The full length apoE protein is observed at 34 kDa under
both conditions. However, under non-reducing conditions the pres-
ence of apoE proteins complexes were detected, as apoE:apoAII
(45 kDa, arrow), apoE dimer (75 kDa).

position 222 is at a flexible loop region of apoE,
corresponding to the shoulder of a domain (residues
244–272) hypothesized to bind A� [15] and involved
in lipid binding [33]. Due to the proximity of the
mutation to a hypothesized A� binding domain, we
undertook further investigation to see if the Q222K
mutation resulted in restoration of the ability of apoE
to form complexes with A� or other proteins. We
first investigated the heterodimer apoE-apoAII com-
plex that were measurable in the 2D gels (Fig. 1B).
The apoE-apoAII complex in plasma was discovered
in the late 1970s [34] and this complex has been
shown to occur in ε2 and ε3 carriers but not ε4/ ε4
homozygotes [35]. We found that the Q222K mutant
protein did not have detectable levels of the 45 kDa
apoE-apoAII complex (Fig. 1B). This contrasted with
ε3 carriers that display heteromeric and homomeric
protein complexes.

To determine if other heterodimer complexes
form due to the Q222K mutation, we conducted
a western blot for apoE under disulfide reducing
or non-reducing conditions (Fig. 2). We did not
observe any novel complexes with apoE Q222K
under these conditions. As expected, apoE ε2 or ε3
under non-reducing conditions contained homodimer
and heterodimer complexes between apoE (∼70 kDa
band) and apoE-AII (34 kDa band), respectively.
When exposed to denaturing and reducing condi-
tions, complexes between apoE ε2 or ε3 collapse to
a single 34 kDa band corresponding to apoE. The
observation of the apoE-apoAII heterodimer in the
2D-gels (Fig. 1B) was surprising to us, as reduction
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and alkylation were part of the sample processing. In
contrast, the western under reducing conditions show
a complete breakdown of the apoE homodimers and
heterodimers (Fig. 2), consistent with previous litera-
ture [35]. We attribute this discrepancy to differences
in the reduction and alkylation conditions used for
the 2D gels. The reduction and alkylation of proteins
prior to 2D gel analysis occurred under native con-
ditions versus the sample preparation of the western
that uses heat and the denaturing detergent sodium
dodecyl sulfate. The combination of detergent and
heat denature the proteins and expose disulfides to the
reductant (TECP) that is otherwise excluded due to
the disulfides being buried within the protein-protein
interface. In conclusion, this mutation does not appear
to significantly impact the ability to bind other pro-
teins and form complexes that are resistant stable in
SDS-PAGE analysis.
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