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ABSTRACT: Apolipoprotein-E (apoE) plays an important role in neuronal lipid transport and is thought to
stabilize microtubules by preventing tau hyperphosphorylation. ApoE is also associated with insoluble
amyloid detected in Alzheimer disease brain lesions. The apoE C-terminal shares several physicochemical
features withR-synuclein, another neuronal apolipoprotein-like protein.R-Synuclein is phosphorylated
by protein kinase CK2 (CK2) at an atypical PSD/E motif in vivo and in vitro. We identified a similar
PSD/E motif in apoE and therefore investigated its potential phosphorylation by CK2 in vitro. When a
[32P]-labeling approach was used, CK2 readily phosphorylated purified human apoE as well as recombinant
forms of human apoE3 and apoE4. Using liquid chromatography mass spectrometry techniques, we mapped
the major apoE CK2 phosphorylation site to Ser296 within the apoE PSD/E motif. We also found that
apoE potently activated CK2 as demonstrated by increased CK2â subunit autophosphorylation and by
increased phosphorylation of tau when the latter was added to the kinase reaction mixtures. Other proteins
such as apolipoprotein A-I and albumin did not effectively activate CK2. The phosphorylation of apoE
by CK2 as well as the activation of CK2 by apoE may be relevant in vivo where apoE, CK2, and tau are
co-localized with additional CK2 targets on neuronal microtubules.

Apolipoprotein-E (apoE)1 is a∼34 kDa glycoprotein that
exists in humans as one of three common isoforms, E2, E3,
or E4, which differ in their Cys/Arg composition at residues
112 and 158 (1). ApoE contains a 22 kDa N-terminal 4-helix
bundle (NT, 1-191) and a 12 kDa C-terminal (CT, 216-
299) that is predicted to contain three amphipathicR-helices
(2, 3). These domains are linked by a region that contains
an O-linked oligosaccharide at Thr194, and a thrombin
cleavage site is situated between Arg191 and Ala192 (4, 5).
The NT domain contains a polybasic low-density lipoprotein
(LDL) receptor-binding region (140-150) and the sites
giving rise to the three human isoforms (6). The CT domain
contains the major lipid-binding region (223-266) (3). Both
domains contain heparin-binding sites, residues 142-147 in
the NT and within residues 243-272 in the CT. CT residues

268-289 are proposed to play a crucial role in apoE self-
association (7, 8).

ApoE plays a role in plasma lipid transport and lipid
redistribution during neuronal repair and development (6,
9). ApoE-containing lipoproteins promote neurite outgrowth,
and this activity is thought to result from both lipid supply
and direct effects on microtubule assembly (10, 11). ApoE
interacts with the microtubule-associated protein tau, pre-
venting its hyperphosphorylation and thereby stabilizing
microtubules (12). Compared to the APOE3 genotype,
APOE4 is associated with increased risk and earlier onset
of sporadic and late-onset familial Alzheimer’s disease (AD)
(13). Multiple mechanisms appear to underlie the association
of APOE genotype with AD. It has been suggested that
apoE3 interacts with amyloid-â peptide (Aâ) thereby facili-
tating amyloid clearance from the CNS (see ref14 and
references therein), while apoE4 can potentially promote
amyloid formation and neurotoxicity (15, 16). The apoE4
isoform also promotes Aâ-induced neurotoxicity via lyso-
somal destabilization (17). In addition, compared to apoE3,
apoE4 is thought to less effectively prevent the hyperphos-
phorylation of tau which contributes to the formation of
paired helical filaments and insoluble neurofibrillary tangles
found in AD brain lesions (12, 18).

In a previous study of apoE expression during apoptosis
and senescence, we provided evidence for apoE phospho-
rylation in vivo using a [32P] metabolic labeling/immuno-
precipitation approach (19). We recognized that apoE CT
structure was predicted to be similar to the apolipoprotein-

† This work was supported by the Australian National Health and
Medical Research Council and the Australian Research Council.

* To whom correspondence should be addressed: phone, 61-2-9385
8730; fax, 61-2-9385 1389; e-mail, brett.garner@unsw.edu.au.

‡ Bioanalytical Mass Spectrometry Facility, University of New South
Wales.

§ Centre for Vascular Research, University of New South Wales.
| Heart Research Institute.
⊥ Prince of Wales Medical Research Institute, University of New

South Wales.
1 Abbreviations: Aâ, amyloid beta peptide; AD, Alzheimer’s disease;

apoA-I, apolipoprotein-A-I.; apoE, apolipoprotein-E; BSA, bovine
serum albumin; CK2, protein kinase CK2 (previously casein kinase
2); CSF, cerebrospinal fluid; CT, carboxy terminal; HDL, high-density
lipoprotein; NT, amino terminal; POPC; 1-palmitoyl-2-oleylphospha-
tydilcholine.

7346 Biochemistry2005,44, 7346-7353

10.1021/bi0504052 CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/21/2005



like structure (specifically the amphipathicR-helical content)
of R-synuclein, another protein that plays a role in neuro-
biology and in a diverse group of neurodegenerative disorders
that have been referred to as synucleinopathies (20). The
synucleinopathies share a common pathologic lesion contain-
ing insolubleR-synuclein aggregates which are thought to
contribute to degeneration in vulnerable cell populations (21).

Despite the absence of significant sequence homology, the
apoE CT domain is similar toR-synuclein in several
physicochemical and functional aspects, including the capac-
ity to self-associate in the absence of lipid, the promotion
of self-association by heparin/heparan sulfate structures, the
increased expression of both proteins during apoptosis, and
their targeting to the nucleus under certain circumstances
(19, 20, 22-24). In addition, proteolytic processing of both
R-synuclein and apoE accelerates their aggregation in vivo,
and this is thought to contribute to neurodegeneration (22,
25, 26).

Recent studies have shown thatR-synuclein is phospho-
rylated by protein kinase CK2 (CK2) at an atypical PSD/E
site (Ser129) which resides in the carboxy terminus (27).
CK2-mediated phosphorylation ofR-synuclein Ser129 stimu-
lates aggregation and filament formation in vitro and in vivo
(28). Phosphorylation ofR-synuclein at Ser129 may therefore
accelerate lesion formation in Parkinson’s disease (28).
Comparisons of the apoE CT andR-synuclein amino acid
sequence indicate that apoE also contains an atypical PSD/E
CK2 phosphorylation site (Ser296) close to the carboxy
terminus. The aim of the present study was to investigate
the phosphorylation of apoE by CK2 in vitro and to map
potential phosphorylation sites.

EXPERIMENTAL PROCEDURES

Materials. Human apoE3 (cat. no. A50120H) and rabbit
apoE (cat. no. A95199H) were from Biodesign (Saco, ME).
Purified (>90% pure) rat liver CK2, recombinant 441-tau,
bovine serum albumin (BSA), cholesterol, 1-palmitoyl-2-
oleylphosphatydilcholine (POPC), and cholate were from
Sigma (St. Louis, MO). [γ-32P]ATP specific activity of 10
mCi/mL was from PerkinElmer (Rowville, Vic, Australia).
All other solvents and reagents were obtained in the highest
purity available from commercial suppliers.

Isolation of ApoA-I.Human apoA-I was purified from
pooled human plasma-derived HDL by sequential ultracen-
trifugation (1.07< d < 1.21 g/mL) (29). The HDL were
delipidated, and apoA-I was isolated by anion exchange fast-
protein liquid chromatography (30). The isolated apoA-I was
detected as a single band following SDS-PAGE and
Coomassie staining.

Preparation of Recombinant ApoE3 and ApoE4.Recom-
binant human apoE3 and apoE4 were obtained by overex-
pression inEscherichia colistrain BL21-CodonPlus (Strat-
agene, La Jolla, CA) using pET32a vectors with thioredoxin
as the fusion partner (Novagen, Madison, WI) (29, 31).
Vectors containing human cDNA for either apoE3 or apoE4
were kindly provided by Dr. Karl Weisgraber, Gladstone
Institute of Cardiovascular Disease, University of California,
San Francisco, CA. The apoE-thioredoxin complex was
obtained by sonicating the cells and removing debris by
centrifugation at 32 000 rpm for 20 min using a TLA-100.4
rotor (Beckman, Fullerton, CA). Thioredoxin was cleaved

from the apoE with thrombin, and apoE was isolated by gel
permeation chromatography on a column of Sephacryl S-300
(Amersham, Piscataway, NJ). The isolated apoE appeared
as a single band following SDS-PAGE and silver staining.

Preparation of Lipidated Recombinant ApoE3.Complexes
of recombinant apoE3, POPC, and cholesterol were prepared
using the cholate dialysis method as described previously
(32, 33). The stoichiometry of POPC/cholesterol/apoE in the
purified lipidated apoE complexes was 114.6:13.9:1.0. Quan-
titation of the lipid and apoE components was based on
enzymatic and immunoturbidometric analysis, respectively,
using a Cobas Fara autoanalyzer (Roche Diagnostics, Swit-
zerland) as described previously (34).

In Vitro Phosphorylation.Purified human apoE3 (routinely
200 ng) was mixed with a kinase reaction buffer comprised
of 30 mM Tris HCl (pH 7.5), 0.01% Triton X-100, 10 mM
2-mercaptoethanol, 0.2 mM phenylmethanesulfonyl fluoride,
5 µg/mL leupeptin, 0.4 mM EGTA, 10 mM MgCl2, and 50
µM [γ32P]ATP (1µCi) containing 0.7 units (1 unit transfers
1 nmole of phosphate from ATP to casein per minute at pH
7.5 and 37°C) of CK2 in a final volume of 50µL and
incubated for 30 min at 30°C. Reactions were stopped by
addition of an equal volume of 2× Laemmli sample buffer
and heating at 95°C for 5 min. The radiolabeled samples
were run on 12% polyacrylamide gels and subjected to
phosphorimage analysis. Where indicated, the concentration
of apoE was varied or replaced with either BSA or apoA-I.
In specific experiments, 1µg of 441-tau was also added to
the reaction mixtures. All experiments were repeated at least
twice.

Western Blotting.ApoE was detected by western blotting
as previously described (35). Proteins were mixed with 2×
Laemmli sample buffer and run on 12% polyacrylamide-
SDS gels using a Mini-Protean II system (BioRad) and
subsequently transferred to nitrocellulose membranes. The
membranes were incubated for 16 h at 4°C with a rabbit
anti-human apoE polyclonal antibody (cat. no. A 0077,
DAKO, Denmark) diluted 1/1000, followed by a 1 h
incubation with horseradish peroxidase-conjugated goat anti-
rabbit IgG antibody (cat. no. P0448, DAKO). Blots were
developed by using enhanced chemiluminescence, and the
membranes were exposed to X-ray film, developed, and
scanned and signal intensity was quantified using NIH Image
1.62 software (35).

Mass Spectrometry.Coomassie-stained gel bands were
incubated with NH4HCO3/CH3CN (1:1, 10 mM) until color-
less (∼2-4 h), then CH3CN (2× 50 µL, 10 min), and dried
under vacuum (SpeedVac, Savant, Farmingdale, NY). Trypsin
(100 ng) in NH4HCO3 (10 mM, 25µL) was added, and the
solution was incubated at 37°C for 14 h. The gel pieces
were washed with H2O (0.1% formic acid, 50µL) and H2O/
CH3CN (1:1) (0.1% formic acid, 50µL) for 15 min, and the
combined extracts were dried and peptides dissolved in H2O
(0.1% formic acid, 20µL).

Digest peptides were separated by nano-LC using a Cap-
LC autosampler system (Waters, Milford, MA). Samples (5
µL) were concentrated and desalted onto a micro C18
precolumn (500 m× 2 mm, Michrom Bioresources, Auburn,
CA) with H2O/CH3CN (98:2, 0.1% formic acid) at 20µL/
min. After a 4 min wash, the precolumn was automatically
switched (Valco 10 port valve, Houston, TX) into line with
a fritless nano column manufactured according to Gatlin (36).
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Peptides were eluted using a linear gradient of H2O/CH3CN
(95:5, 0.1% formic acid) to H2O/CH3CN (40:60, 0.1% formic
acid) at 200 nL/min over 30 min. The precolumn was
connected via a fused silica capillary (10 cm, 25µm) to a
low volume tee (Upchurch Scientific) where HV (2600 V)
was applied and the column tip positioned 1 cm from the
Z-spray inlet of an Ultima API hybrid QTof tandem mass
spectrometer (Micromass, Manchester, UK). Positive ions
were generated by electrospray and the QTof operated in
data dependent acquisition mode (DDA). A TOFMS survey
scan was acquired (m/z350-1700, 1 s), and the three largest
multiply charged ions (counts> 20) were sequentially
selected by Q1 for MS-MS analysis. Argon was used as
collision gas and an optimum collision energy chosen (based
on charge state and mass). Tandem mass spectra were
accumulated for up to 6 s (m/z50-2000). A processing script
generated data suitable for submission to the database search
program (Mascot, Matrix Science, London, U.K.). High
scores indicated a likely match. Spectra were also interpreted
manually to derive amino acids sequences and phosphory-
lation sites as described previously (37).

In Silico Analysis.The human apoE amino acid sequence
was subjected to in silico analysis using web-based computer
algorithms to predict the presence of potential phosphory-
lation sites (http://www.cbs.dtu.dk/services/netphos) and X-P-
S-D/E-X homologous sequence identities (http://www.ncbi.n-
lm.nih.gov/BLAST) for comparison with the human apoE
andR-synuclein PSD/E motifs.

RESULTS AND DISCUSSION

To assess the possible phosphorylation of apoE by CK2,
we treated purified human apoE3 with CK2 in the presence
of [γ-32P]ATP. Phosphorimage analysis of the products after
separation by PAGE revealed two phosphorylated proteins:
the CK2â subunit atMr 26 kDa and apoE at 35 kDa (Figure
1A). To confirm that the 35 kDa band was apoE, proteins
from the gels were transferred to nitrocellulose after phos-
phorimage analysis and probed for apoE by western blotting
(Figure 1B). The phosphorylated 35 kDa protein was clearly
identified as apoE. ApoE contains six classic consensus
sequence motifs (S/T-X-X-D/E) for phosphorylation by CK2,
at Thr residues 8, 42, and 67 and Ser residues 76, 129, and
263. We also detected an additional atypical P-S-D/E site

with similarities to a known CK2 phosphorylation site within
humanR-synuclein (Ser129 and Ser296 forR-synuclein and
apoE, respectively). To determine the major CK2 phospho-
rylation site in apoE, we prepared phosphorylated apoE as
above (with nonradioactive ATP) and subsequently analyzed
for apoE phosphopeptides using LC-MS after tryptic
digestion.

ApoE appeared as a doublet with aMr apoE of∼35 kDa
after SDS-PAGE and Coomassie staining (data not shown).
After excision, destaining, and in-gel digestion, peptides were
separated by nanoLC and analyzed by tandem MS. Both the
doublet bands contained sequence specific apoE tryptic
peptides with∼50% amino acid sequence coverage. A
doubly charged peptide withm/z 810.85 was identified in
both digests, and based on interpretation of the tandem mass
spectra and Mascot searches, this peptide was identified as
apoE 284-299. An additional peptide withm/z 850.82
eluting 20 s before apoE 284-299 was detected in the digest
of the lower band of the doublet. The mass of this peptide
corresponded to the expected mass of phosphorylated apoE
283-299 (+ m/z 80) (38). Sequence specific ions in the
tandem mass spectra of both precursors allowed the location
of the phosphorylation to be deduced (Figure 2). The partial
amino acid sequence AAVGTSAAPV was readily identified
from the nonphosphorylated precursor from a series of y-type
ions (m/z 810.85, Figure 2B). A similar series of ions were
observed in the tandem mass spectrum of the phosphorylated
precursor (m/z 850.82, Figure 2A). All sequence ions from
the phosphorylated precursor show initial loss of H3PO4 (m/z
98), forming dehydroalanine, a common and characteristic
observation in low-energy collisionally activated tandem
mass spectra of phosphopeptides containing phosphoserine
(37). The amino acid sequence AAVGTSAAPV was also
deduced based on the fragment ion pattern in the tandem
mass spectrum of phosphorylated precursor ion. The two
fragment ions atm/z 976.29 andm/z 889.3 correspond to
the loss of Ser290. These ions would not be present if Ser290
was phosphorylated. On the basis of the observed fragmenta-
tion ions in both tandem mass spectra, it is most likely that
phosphorylation occurred specifically at Ser296. This indi-
cates that apoE Ser296 is the preferred site for CK2
phosphorylation. Of potential significance, this site is within
the same carboxy terminal PSD/E motif that is phosphory-
lated by CK2 inR-synuclein (27, 28).

Because there are isoform specific effects of apoE4 in
neurodegenerative processes (39), the phosphorylation of
recombinant human apoE3 and apoE4 was also assessed. In
agreement with the data derived from purified human apoE3,
CK2 phosphorylated recombinant apoE3 (Figure 3). Fur-
thermore, both apoE3 and E4 isoforms were phosphorylated
with equal efficiency (Figure 3). Analysis of the apoE
carboxy terminal amino acid sequence in a variety of
mammalian species indicated that the region was conserved
among humans and nonhuman primates (Table 1). The
PSD/E motif was also present in other mammals (e.g., pig
and cow) but was absent in the rabbit and rodents (Table 1).
To assess the potential phosphorylation of additional residues
by CK2, we used purified rabbit apoE as a [32P] acceptor.
The rabbit apoE was purified using the same methods as for
the human apoE3, and both proteins were derived from the
same commercial supplier. Rabbit apoE shares 67% amino
acid sequence homology with human apoE3 (identities)

FIGURE 1: Human apoE is phosphorylated by CK2. Purified human
apoE3 (100 ng) was incubated with 0.5 unit of CK2 in the presence
of 1 µCi of [γ-32P]ATP for 30 min in a final volume of 50µL of
reaction buffer (see Experimental Procedures for details). Five
microliter aliquots of the reaction mixtures were separated by PAGE
and subjected to (A) phosphorimage analysis and the gels subse-
quently transferred to nitrocellulose membranes and (B) probed for
apoE by western blotting. Position of MW markers are shown with
values in kDa.
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215/317 (67%), positives) 245/317 (76%)) and contains
eight consensus sequence motifs (S/T-X-X-D/E) for phos-
phorylation by CK2, four of which are identical to those
predicted in the human apoE3 sequence (data not shown).
While phosphorylated rabbit apoE was detectable, the level
of [32P] incorporation was very low compared to parallel
incubations with human apoE3 (Figure 4A). Increasing the
amount of rabbit apoE in the reaction mixtures did not
increase phosphorylation (Figure 4A). These data are con-
sistent with our mass spectrometry analysis and indicate that
Ser296 (which is not present in rabbit apoE) is the major
site for CK2-mediated phosphorylation in human apoE.

In the experiments described above (with the notable
exception of those using rabbit apoE), we noticed that the
presence of apoE in the reaction mixtures promoted CK2â
autophosphorylation. The impact of apoE on CK2â auto-
phosphorylation appeared to be saturated when apoE was
present at levels greater than approximately 250 ng per tube
(i.e., 5µg/mL, Figure 4A). To further investigate the potential
activation of CK2, we used apoE at concentrations ranging
from 10 to 1000 ng per tube. ApoE dose-dependently
stimulated CK2â autophosphorylation (Figure 4B). Even at
the lowest apoE concentration used (0.2µg/mL), an increase
in CK2â autophosphorylation was detectable (Figure 4B).
This is potentially important as apoE and CK2 are co-
localized with neuronal microtubules (40-42). Microtubule-
associated CK2 phosphorylates neuronal specificâIII tubulin
and several microtubule-associated proteins (MAPs), includ-
ing MAP1B, MAP1A, and tau (43-46). The phosphorylation
of these proteins by CK2 promotes microtubule formation

FIGURE 2: ApoE Ser296 is the primary CK2 phosphorylation site. Phosphorylated (A) and nonphosphorylated (B) purified human apoE3
was subjected to in-gel tryptic digestion, and the resulting peptides were subjected to analysis by LC-MS/MS (as described in Experimental
Procedures). One predominant phosphopeptide was detected, and MS/MS analysis revealed a single phosphorylated residue at Ser296 (A).

FIGURE 3: Recombinant human apoE3 and apoE4 are equally
phosphorylated by CK2. Recombinant human apoE3 and apoE4
were expressed inE. coli, purified (as described in Experimental
Procedures), and incubated at concentrations of 100 and 1000 ng
per tube with 0.5 unit of CK2 in the presence of 1µCi of [γ-32P]-
ATP and analyzed by PAGE with subsequent phosphorimage
analysis (A) and western blotting (B). Five microliter aliquots of
the reaction mixtures were separated by PAGE and subjected to
(A) phosphorimage analysis, and the gels were subsequently
transferred to nitrocellulose membranes and (B) probed for apoE
by western blotting.

Table 1: Comparison of Mammalian ApoE Carboxy Terminal
Amino Acid Sequences

a Orangutan, gorilla, chimpanzee, gibbon, and baboon.
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in neuritogenesis (46). It is therefore possible that apoE could
facilitate neuritogenesis through modulation of CK2 activity.

It is unlikely that apoE bound to microtubules in the
cytoplasm is in the form of a lipoprotein complex (47);
however, it is clear that the majority of apoE in cerebrospinal
fluid and plasma is lipidated (48). ApoE binds to lipid
through the CT domain, and it was therefore of interest to
assess the potential for CK2 to phosphorylate lipidated apoE.
Figure 5 shows that when apoE was complexed with POPC
and cholesterol it was no longer efficiently phosphorylated
by CK2. This implies that apoE CT structure is profoundly
altered when it is lipidated or that lipid binding close to
Ser296 sterically hinders the interaction with CK2. Lipidated
apoE also stimulated CK2 autophosphorylation (Figure 5A)
which suggests that an interaction between the apoE NT
domain and CK2 may be responsible for CK2 activation.

While apoE is thought to inhibit tau hyperphosphorylation
(e.g., by binding to and protecting tau from interacting with
GSK3â), our in vitro data indicate that apoE can promote
CK2 activity and could thereby potentially stimulate phos-
phorylation of CK2 targets including tau. We therefore
conducted a series of in vitro experiments to assess the
potential modulation of CK2-mediated tau phosphorylation
by apoE. Confirming previous data (46), CK2 stimulated tau
phosphorylation (Figure 6A). The predominant phosphory-
lated tau was present with aMr of 65 kDa, as predicted for
the recombinant tau-441 used in this study. An additional
band of phosphorylated tau was detected at the top of the

gel with aMr of approximately 120-180 kDa (Figure 6A).
ApoE moderately increased the phosphorylation of the 65
kDa tau band while increasing the formation of high
molecular weight (HMW) tau up to approximately 4-fold
(Figure 6). Previous studies have shown that hyperphospho-
rylation of specific residues within the tau microtubule-
binding domain promotes its aggregation (reviewed in ref
49). Our in vitro data imply that microtubule associated apoE
could in fact potentiate CK2-mediated tau phosphorylation,
although it is not clear if this would have a major impact on
tau aggregation in vivo as none of the 14 predicted CK2
phosphorylation sites appear in the tau-441 microtubule-
binding domains (which are thought to be important for tau
aggregation). Tau is normally phosphorylated in its micro-
tubule-bound state, and it is therefore possible that apoE
regulates such “basal” CK2-mediated tau phosphorylation.

Previous studies have shown that polybasic amino acid
sequences and synthetic polyamines activate CK2 by binding
to a cluster of acidic amino acids in the CK2â subunit (50).
The stimulation of CK2â autophosphorylation increases CK2
stability by inhibiting ubiquitin-dependent degradation (51).
The binding of heparin (a polyanion) to the polybasic
residues within potential CK2 activator proteins interferes
with the binding of the activator to the CK2 acidic amino
acid cluster and thereby inhibits activation through this
regulatory domain. Because apoE contains two distinct
positively charged heparin-binding domains (52), we specu-
lated that the activation of CK2 may be due to specific
apoE-CK2 interaction. To investigate the specificity of CK2
activation by apoE, we examined CK2â autophosphorylation
and the formation of HMW-phosphorylated tau in the
presence of either apoE, apoA-I (another amphipathic
apolipoprotein that lacks heparin-binding domains), or BSA
(a globular protein with no known heparin-binding charac-
teristics).

When expressed on an equal protein mass basis, apoE was
clearly the most potent CK2 activator. In contrast to the dose-
dependent increase in CK2 activation observed with apoE
(Figures 4 and 6), increasing the levels of either BSA or
apoA-I in the reaction mixtures did not stimulate CK2

FIGURE 4: Rabbit apoE is not an efficient substrate for or activator
of CK2. Purified human apoE3 or rabbit apoE (both used at 125,
250, and 500 ng per tube) was incubated with 0.5 unit of CK2 in
the presence of 1µCi of [γ-32P]ATP for 30 min in a final volume
of 50 µL of reaction buffer (see Experimental Procedures for
details). Five microliter aliquots of the reaction mixtures were
separated by PAGE and subjected to phosphorimage analysis (A).
Additional apoE dose dependence data investigating the effect of
human apoE3 on CK2â autophosphorylation are shown using
purified apoE3 at 10, 100, and 1000 ng per tube (B).

FIGURE 5: Lipidated recombinant human apoE3 is not efficiently
phosphorylated by CK2. Recombinant human apoE3 was lipidated
with POPC and cholesterol; the complexes were purified (as
described in Experimental Procedures), incubated at a concentration
of 200 ng apoE per tube with 0.5 unit of CK2 in the presence of
1 µCi of [γ-32P]ATP, and analyzed by PAGE with subsequent
phosphorimage analysis (A) and western blotting (B). Phosphory-
lation of lipidated apoE (apoE lipid) was compared to parallel
incubations containing no apoE (-) or lipid-free apoE (apoE).

FIGURE 6: Human apoE stimulates CK2â autophosphorylation and
promotes phosphorylation of HMW tau. Purified human apoE3
(0.1-1.0 µg) was incubated with 0.5 unit of CK2 in the presence
of 1 µCi of [γ-32P]ATP for 30 min in a final volume of 50µL of
reaction buffer with the addition of 1µg human r-tau 441. Five
microliter aliquots of the reaction mixtures were separated by PAGE
and subjected to phosphorimage analysis (A), and the gels were
ubsequently transferred to nitrocellulose membranes and blotted
for apoE (B).
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activation above levels observed in the presence of CK2 and
tau alone (Figure 7A). At 200 ng per tube, ApoA-I inhibited
CK2 activity and CK2-mediated tau phosphorylation. There
was a significant correlation between the levels of CK2â
autophosphorylation observed and the formation of HMW-
phosphorylated tau (Figure 7B). The mechanism by which
apoE stimulates CK2 activity is not known. Since binding
of polybasic residues to the acidic CK2â site promotes
activity (50), one possibility is that the polybasic LDL
receptor-binding region of apoE could interact with the acidic
regulatory domain of the CK2â subunit thereby increasing
activity and autophosphorylation. However, unless there are

subtle differences in other regions of rabbit apoE that alter
the conformation of the LDL receptor-binding domain, the
inability of rabbit apoE (which contains an LDL receptor-
binding domain identical to human apoE) to stimulate CK2
argues against this idea. Alternatively ,another basic apoE
domain could interact with CK2 (52). The mechanism
underlying CK2 activation by apoE requires further study.

The specific phosphorylation of apoE at Ser296 by CK2
was not predicted using known CK2 motif (S/T-X-X-D/E).
It is possible that the Pro residue on the N-terminal side of
Ser296 or the close proximity of Ser296 to the carboxy
terminal reduces the stringency for CK2 interaction with a
consensus motif. ApoE phosphorylation may regulate its
proteolytic processing (particularly at the carboxy terminus),
intracellular trafficking, or interaction with lipids and
proteins. The PSD/E motif appears in several other proteins,
at least six of which are phosphorylated by CK2 (Table 2).
Future studies should address the potential for CK2 to
phosphorylate apoE Ser296 in vivo and the possible influence
this has on microtubule function and neurodegeneration.

In conclusion, our studies show that CK2 phosphorylates
apoE at an atypical PSD/E motif in vitro. ApoE also
stimulates CK2 autophosphorylation, and this can promote
phosphorylation of additional substrates such as tau. Because
apoE, CK2, and additional CK2 substrate proteins are co-
localized on neuronal microtubules, in vivo investigations
of apoE phosphorylation and CK2 activation appear to be
warranted.
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