
www.elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 331 (2005) 333–340

BBRC
Apolipoprotein E activates the low-activity form of human
phospholipid transfer protein q

Minna T. Jänis a, Jari Metso a, Hilkka Lankinen b, Tomas Strandin b, Vesa M. Olkkonen a,
Kerry-Anne Rye c,d,e, Matti Jauhiainen a, Christian Ehnholm a,*

a Department of Molecular Medicine, National Public Health Institute, Biomedicum, P.O. Box 104, FIN-00251 Helsinki, Finland
b Peptide and Protein Laboratory, Department of Virology, Haartman Institute and HUSLAB, University and University Hospital of Helsinki,

P.O. Box 21, FIN-00290 Helsinki, Finland
c The Heart Research Institute, 145 Missenden Road, Camperdown, Sydney, NSW 2050, Australia

d Department of Medicine, University of Sydney, NSW 2006, Australia
e Department of Medicine, University of Melbourne, Vict. 3010, Australia

Received 9 March 2005
Available online 2 April 2005
Abstract

Phospholipid transfer protein (PLTP) exists in a high-activity (HA-PLTP) and a low-activity form (LA-PLTP) in the circulation.
LA-PLTP is associated with apoA-I while the HA-PLTP complex is enriched with apoE. To study the interaction of PLTP with
apolipoproteins, we carried out surface plasmon resonance analyses. These demonstrated a concentration-dependent binding of
recombinant human PLTP, which represents an active PLTP form, and LA-PLTP to apoE, apoA-I, and apoA-IV within a nano-
molar KD range. To study whether LA-PLTP can be transformed into an active form, we incubated it in the presence of proteo-
liposomes containing apoE, apoA-I or apoA-IV. The apoE proteoliposomes induced a concentration-dependent activation of
LA-PLTP. ApoA-IV proteoliposomes also activated LA-PLTP in a concentration-dependent manner, whereas apoA-I proteolipo-
somes had no such effect. These observations suggest that PLTP is capable of interacting with apoE, apoA-I, and apoA-IV, and that
these interactions regulate PLTP-activity levels in plasma.
� 2005 Elsevier Inc. All rights reserved.
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Numerous clinical and epidemiological studies have
demonstrated the inverse correlation between high den-
sity lipoprotein (HDL) cholesterol and the risk of coro-
nary heart disease [1,2]. This is often explained by the
ability of HDL to remove excess cholesterol from
peripheral (non-hepatic) cells into the plasma compart-
ment and to transport it to the liver for excretion. This
process is known as reverse cholesterol transport [3].
0006-291X/$ - see front matter � 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2005.03.164

q Abbreviations: PLTP, phospholipid transfer protein; LA-PLTP,
low-activity form of PLTP; apo, apolipoprotein; PC, phosphatidyl-
choline; PL, phospholipids; UC, unesterified cholesterol.
* Corresponding author. Fax: +358 9 4744 8960.
E-mail address: christian.ehnholm@ktl.fi (C. Ehnholm).
HDL metabolism is under the control of multiple
proteins [4]. These include phospholipid transfer protein
(PLTP), lecithin:cholesterol acyltransferase (LCAT),
and cholesteryl ester transfer protein (CETP). Plasma
PLTP has an essential role in the transfer of surface rem-
nants from triglyceride-rich particles, very low density
lipoproteins (VLDL), and chylomicrons (CM), to
HDL during lipolysis. This is of importance for the
maintenance of plasma HDL levels [5–7]. PLTP also
modulates the size and composition of HDL particles
[8,9]. Current observations on the presence of PLTP in
macrophages and atherosclerotic lesions suggest that
PLTP could function either as an anti-atherogenic
molecule by facilitating cholesterol efflux or as a
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pro-atherogenic molecule by mediating lipid retention
[10,11]. PLTP may also be a key factor in the reverse
cholesterol transport process since it was shown to inter-
act with ATP-binding cassette transporter A1 (ABCA1)
on macrophages and facilitate cholesterol and phospho-
lipid efflux [12].

The development of a PLTP mass determination as-
say revealed the presence of two forms of PLTP in plas-
ma, one with high activity (HA-PLTP) and the other
with low activity (LA-PLTP). The two forms are associ-
ated with macromolecular complexes of different size
and composition when isolated from plasma [13,14].
HA-PLTP co-purifies with apolipoprotein E (apoE),
and active PLTP secreted by HepG2 human hepatoma
cells is also associated with apoE [15], whereas
LA-PLTP is associated with apoA-I [14]. These observa-
tions are in line with our working hypothesis in which
PLTP is secreted as a high-activity complex, and during
phospholipid (PL) transfer of surface remnants from tri-
glyceride-rich lipoproteins to HDL, it becomes com-
plexed with apoA-I and loses measurable PL transfer
activity.

Considering the significant roles of apolipoproteins in
the activation of LCAT and CETP [16–19], we studied
the interaction of PLTP with apolipoproteins and their
ability to transform LA-PLTP into HA-PLTP.
Materials and methods

Reagents. Unesterified cholesterol (UC), egg-yolk phosphatidyl-
choline (egg PC), and dimyristoyl phosphatidylcholine (DMPC) were
obtained from Sigma–Aldrich (St. Louis, MO). Thrombin protease
was purchased from Amersham Pharmacia (Uppsala, Sweden).

Isolation and purification of PLTP. Recombinant PLTP (r-PLTP)
was produced using a baculovirus/insect cell system and purified as
described previously [20–22]. Two chromatographic steps, hydroxyl-
apatite chromatography (Bio-Gel HTP, Bio-Rad Laboratories, Her-
cules, CA) and Ni–NTA Superflow Agarose (Qiagen, Valencia, CA)
were used to purify r-PLTP [22].

LA-PLTP was isolated as described [14]. In addition to PLTP, the
complex contained apoA-I, phospholipids (PL; mainly phosphatidyl-
choline, PC), and unesterified cholesterol (UC). The molar ratios for
PLTP:apoA-I:PL:UC were 1:2:26:9, respectively.

SDS–PAGE and Western blotting revealed that the size of r-PLTP
(75 kDa) was slightly smaller than the size of LA-PLTP purified from
human plasma (80 kDa) due to differences in the degree of glycosyla-
tion [21].

Assays for PLTP activity and concentration. PLTP activity was
measured using the radiometric assay described by Damen et al. [23]
with minor modifications [8]. PLTP mass was assayed with an ELISA
method [22].

Preparation of apolipoproteins. ApoE constructs were obtained
from Dr. Karl H. Weisgraber (Gladstone Institute of Cardiovascular
Disease, San Francisco, CA). The cDNAs for human apolipoprotein
E2, E3 or E4 were cloned into a modified pET32a(+) vector (Novagen,
EMD Biosciences, Darmstadt, Germany), which encodes an N-ter-
minal His6 tag and a fusion partner, thioredoxin [24].

Recombinant apoE was produced in Escherichia coli BL21 (DE3)
and purified using His-Bind Resin Chromatography Kit (Novagen) as
described [24]. Thrombin digestion was performed at room tempera-
ture for 30 min at a ratio of 1:500 (thrombin:apoE, w/w). Delipidation
of apoE was carried out as described [25]. Heparin–Sepharose affinity
chromatography (HiTrap Heparin, Amersham Biosciences, Uppsala,
Sweden) was used as the final step in apoE purification. Briefly, the
delipidated apoE was diluted in PBS containing 5 M urea and 0.1% of
2-mercaptoethanol, pH 7.4. The apoE sample was then loaded onto a
5 ml heparin–Sepharose column equilibrated with the 5 M urea buffer
at a flow rate of 1 ml/min. The bound apoE was eluted from the col-
umn with 1 M NaCl in 5 M urea buffer and dialyzed against 100 mM
NH4HCO3, pH 8.0. Purified apoE isoforms displayed one band
staining in SDS–PAGE analysis with an apparent molecular mass of
34 kDa (data not shown).

Plasmid DNA of pET14b/WT-apoA-IV containing a His6 tag was
obtained from Dr. Philippa Talmud (Royal Free and University Col-
lege London Medical School, London, UK) and transformed into E.

coli BL21 (DE3) cells. The cell suspension was thawed on ice, diluted in
PBS, and lysed using lysozyme (100 lg/ml). After adding the protease
inhibitors (Complete, EDTA-free, Roche Diagnostics GmbH, Mann-
heim, Germany), the mixture was incubated on ice for 15 min. The
cells were disrupted by sonication and freeze–thaw cycles. After cen-
trifugation, the supernatant was loaded on a His-Bind chromatogra-
phy column using a His-Bind Resin Chromatography Kit (Novagen).
Purified apoA-IV displayed one band staining in SDS–PAGE analysis
with a molecular mass of 46 kDa (data not shown).

Highly purified apoA-I was kindly provided by Dr. Peter Lerch
(Swiss Red Cross, Bern, Switzerland) [26].

Surface plasmon resonance analysis. Binding of r-PLTP and LA-
PLTP to apoE, apoA-I or apoA-IV was studied with surface plasmon
resonance (SPR) analysis in a Biacore 2000 biosensor (Biacore AB,
Uppsala, Sweden). Interaction of an analyte with an immobilized li-
gand on the sensor chip results in changes in SPR signals that are
recorded in real time as resonance units (RU) [27,28]. For each
experiment, the flow cells of a CM5 biosensor chip were prepared by
covalently attaching saturating amounts of apoE, apoA-I or apoA-IV
via standard amine coupling according to the manufacturer�s instruc-
tions (Biacore AB, Uppsala, Sweden). The coupling densities were
5400 RU for apoE2, 4200 RU for apoE3, 5500 RU for apoE4, 4500 RU
for apoA-I, and 8000 RU for apoA-IV. A wide range of concentrations
of r-PLTP (0.25–220 nM) and LA-PLTP (0.75–190 nM) diluted in PBS
were used as analytes. Recombinant PLTP, which represents an active
PLTP form, was primarily chosen to be used as an analyte to minimize
the effects of contaminating proteins on binding. The binding prop-
erties of r-PLTP were compared to those of LA-PLTP. The binding of
r-PLTP and LA-PLTP to immobilized apoE isoforms was assayed at
+25 or +37 �C for 5–10 minutes at a flow rate of 10–30 ll/min.
Interactions of both PLTP forms with apoA-I and apoA-IV were
analyzed at a lower temperature, +15 �C, to delay fast dissociation of
the analyte. As a negative control, an empty flow cell was used. Sensor
chip surfaces were initially regenerated at pH 2.0 with a 30 s hydro-
chloric acid pulse and after each injection by a 1 h wash with running
buffer (PBS).

The data were evaluated by first subtracting the sensorgram of the
control flow cell from the sensorgrams of flow cells containing apoE,
apoA-I or apoA-IV. The binding kinetics was fitted to the simulta-
neous ka/kd determination feature of the Biaevaluation 3.1 software
package employing the natural logarithmic Langmuir binding (1:1)
model to which the two state model and other multicomponent models
were compared.

Preparation and characterization of proteoliposomes. To examine
the roles of apolipoproteins in the regulation of PLTP activity,
proteoliposomes containing either apoE, apoA-I or apoA-IV as pro-
tein component, egg PC, and UC were prepared by the cholate dialysis
technique [29,30]. Briefly, PC in chloroform and UC in ethanol were
mixed, dried under nitrogen, and kept in a vacuum to remove traces of
solvents. The dry residue was resuspended in 1 ml of 10 mM Tris–HCl,
150 mM NaCl, and 1 mM EDTA, pH 7.4 (TNE buffer). Apolipopro-
tein (1–5 mg) was added to the mixture to give a PC:UC:apolipopro-



Table 1
Characterization of the proteoliposomes presented as molar ratios of
protein, phospholipid (PL), and unesterified cholesterol (UC)

Proteoliposomes Protein PL UC Diameter (nm)a

ApoE2 1 68 15 9.3, 9.5, 13.5
ApoE3 1 67 13 9.5, 11.6, 13.0
ApoE4 1 104 18 9.3, 12.3, 13.2
ApoA-I 1 57 13 8.0, 8.2, 10.4, 11.2
ApoA-IV 1 125 19 7.9, 10.4, 11.4, 12.0

a The diameter of the proteoliposomes as determined by native
gradient gel electrophoresis. The sizes of the main populations have
been underlined. The molar ratios of protein, PL, and UC represent
those determined for the entire proteoliposome population.
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tein molar ratio of 70:12.5:1. Sodium cholate (0.725 M, Sigma–Al-
drich, St. Louis, MO) was added to the lipid-apolipoprotein suspen-
sion, in which the final PC to sodium cholate molar ratio was
approximately 1:1. The suspension was incubated at +22 �C for 20 min
after which it was dialyzed against TNE buffer (3 · 5 L) to remove
excess cholate. Liposomes containing no protein were prepared by
sonication using the same lipid molar ratios.

The lipid and protein composition of the proteoliposomes, as well
as the particle size, is presented in Table 1. Particle size of the prote-
oliposomes was analyzed by size-exclusion chromatography on a
Superose 6 HR (10/30) and non-denaturing PAGE [31] using self-made
4–30% gradient gels.

Preparation of spherical reconstituted HDL particles. To ensure that
the components of native HDL3 particles, isolated from human
plasma, do not have an influence on the activation of LA-PLTP by the
proteoliposomes, we prepared spherical reconstituted HDL particles
(r-HDL) containing apoA-I as the only apolipoprotein [32] and com-
pared the performance of these particles as phospholipid acceptors to
that of native HDL3 in our radiometric PLTP-activity assay.

Activation experiments. In each set of experiments 100 ng of LA-
PLTP, as measured by ELISA [22], was incubated with apoE-, apoA-I-
or apoA-IV-proteoliposomes in a total volume of 0.5 ml TNE buffer.
LA-PLTP:apolipoprotein molar ratios varied from 1:250 up to 1:2000.
Preincubations were carried out at +37 �C for 30 min. The preincu-
bated samples, 50 ng LA-PLTP, in duplicate, were thereafter assayed
for PLTP activity at +37 �C for 45 min. In each set of experiments,
liposomes or proteoliposomes without LA-PLTP were used as con-
trols. LA-PLTP alone in TNE-buffer was used as an additional
control.

Other methods. Lipoproteins were isolated from human plasma by
sequential ultracentrifugation using solid KBr to adjust densities [33].
Total cholesterol (Kit 1489232, Roche Diagnostics GmbH, Mann-
heim, Germany) and phospholipids (Kit 999-54006, Wako Chemicals
GmbH, Neuss, Germany) were measured using commercial kits.

Protein concentration was determined by the method of Lowry et
al. [34] using bovine serum albumin as a standard. SDS–PAGE was
carried out by the method of Laemmli [35] and Western blotting as
described by Towbin et al. [36].
Results

Binding of r-PLTP and LA-PLTP to apoE, apoA-I, and

apoA-IV

The binding of r-PLTP and LA-PLTP to apoE,
apoA-I, and apoA-IV was characterized using surface
plasmon resonance analysis on a Biacore 2000 instru-
ment. Recombinant proteins, PLTP, apoE, and apoA-
IV, or highly purified apoA-I, were used to minimize
the effects of contaminating serum proteins on the inter-
actions. The sensorgrams clearly demonstrate a concen-
tration-dependent binding of PLTP to apoE and apoA-I
within a nanomolar range for both r-PLTP and LA-
PLTP, as illustrated in Fig. 1. Both forms of PLTP also
showed binding to apoA-IV. Presence of PLTP on the
flow cell surface was demonstrated by using a polyclonal
anti-PLTP antibody (data not shown). This provided
evidence that a stable association of proteins and not
only a donation of PL was taking place. The data pre-
sented in Fig. 1 were used to evaluate the effect of each
PLTP concentration injected on the binding response at
a steady-state phase of each interaction. These equilibri-
um-binding responses are presented in Fig. 2, which
demonstrates that in the cases where saturation was
reached, the estimated KD values were comparable with
the KD values derived from the reaction rates (Table 2).

The binding affinities of the two forms of PLTP to
apoE, apoA-I, and apoA-IV were determined from rate
equations by simultaneous ka/kd simulated kinetics. The
kinetic fitting data obtained using a Langmuir model are
shown in Table 2. The reliability of the results is illus-
trated by the average v2 values of 2.65 (r-PLTP) and
0.50 (LA-PLTP). It was of interest to note that the bind-
ing of both forms of PLTP to the isoforms of apoE:
apoE2, apoE3, and apoE4, is different. ApoE2 was the
most stable binder due to the slow dissociation rates
(kd) of the analytes, whereas binding of both forms of
PLTP to the other apolipoproteins was driven by fast
association kinetics. The KD values and interaction rates
of r-PLTP were similar to those of LA-PLTP with apoE.
However, LA-PLTP associated with apoA-I 10 times
faster than r-PLTP. Since LA-PLTP also dissociated
rapidly from apoA-I, the corresponding KD value was
relatively high. In contrast to apoA-I, the affinity of
apoA-IV was higher for LA-PLTP than for r-PLTP.
This was due to a fast dissociation rate (kd) of r-PLTP
from apoA-IV. From these experiments we conclude
that the two forms of PLTP interact with apoE, apoA-
I and apoA-IV, albeit with different affinities and inter-
action rates.

Activation of the low-activity form of PLTP

To examine the possible physiological role of LA-
PLTP binding to apolipoproteins, we studied whether
LA-PLTP could be activated by apoE, apoA-I, or
apoA-IV. For this purpose, we incubated proteolipo-
somes for 30 min at +37 �C with LA-PLTP, which had
no detectable PL transfer activity, at different molar ra-
tios as described under Materials and methods. The
incubation with apoE proteoliposomes resulted in a con-
centration-dependent activation of LA-PLTP. Similar
activation was obtained using proteoliposomes prepared



Fig. 1. Surface plasmon resonance analysis of the binding of r-PLTP (the left-hand column) and LA-PLTP (the right-hand column) to apoE, apoA-I,
and apoA-IV immobilized on CM5 sensor chips. Representative sensorgrams of PLTP-binding responses are presented. The binding of both forms of
PLTP was analyzed using a concentration range of 10–180 nM.
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from the different apoE isoforms: apoE2, E3 or E4. The
results from these experiments are summarized in
Fig. 3. After incubation with the highest concentration
of apoE proteoliposomes, a mean PLTP activity of
264 nmol/ml/h was reached. We did not observe a sig-
nificant difference in LA-PLTP activation whether na-
tive HDL3 or spherical r-HDL particles were used as
acceptors in the PLTP-activity assay (data not shown).



Fig. 2. Effect of r-PLTP and LA-PLTP concentration on binding to
apoE, apoA-I, and apoA-IV. Representative equilibrium-binding
analyses of r-PLTP (A) and LA-PLTP (B) are presented. (j) apoE3,
(m) apoE4, (�) apoE2, (s) apoA-I, and (d) apoA-IV.

Fig. 3. Activation of LA-PLTP by proteoliposomes containing apoE
and apoA-IV. The symbols represent means ± SEM for four (apoE) or
three (apoA-IV) determinations. The data for apoE represent two
experiments with apoE3, one with apoE2 and one with apoE4

proteoliposomes. (j) apoE, (d) apoA-IV.
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ApoA-IV proteoliposomes were capable of activating
LA-PLTP to a similar extent as the apoE proteolipo-
somes (Fig. 3). Proteoliposomes containing apoA-I,
Table 2
Binding of r-PLTP and LA-PLTP to apoE, apoA-I, and apoA-IV

Analyte Ligand ka (1/Ms)

r-PLTP apoE2
a 1.85 ± 1.37E+04

apoE3
a 7.09 ± 7.77E+05

apoE4
a 7.85 ± 8.25E+05

apoA-Ic 3.84 ± 3.40E+05
apoA-IVc 1.51 ± 0.51E+05

LA-PLTP apoE2
b 1.73 ± 1.19E+04

apoE3
a 3.25 ± 3.81E+05

apoE4
a 2.81 ± 2.73E+05

apoA-Ic 3.43 ± 4.29E+06
apoA-IVc 1.46 ± 1.62E+06

Values are presented as mean ± SD.
The kinetic parameters were derived from measurements carried out at a +3
however, caused no activation of LA-PLTP. Neither
did apolipoprotein-free liposomes, used as a negative
control, have any effect (data not shown).
Discussion

The HDL in human plasma consists of several sub-
populations of particles with distinct structure and func-
tion. This heterogeneity, which is the result of
continuous remodeling of HDL by plasma factors, has
important implications in terms of the cardioprotective
functions of HDL. Apolipoproteins, essential in the
assembly of soluble HDLs, are capable of exchanging
between various classes of lipoproteins and altering their
kd (1/s) KD (nM) v2

4.57 ± 0.56E-04 37.7 ± 25.8 3.72 ± 2.10
8.01 ± 1.05E-04 2.9 ± 2.7 4.31 ± 3.29
1.28 ± 0.69E-03 3.2 ± 2.3 2.04 ± 1.43
6.99 ± 1.27E-03 28.8 ± 15.6 2.15 ± 1.55
2.11 ± 1.35E-02 161.0 ± 128.0 1.05 ± 0.46

5.00 ± 2.71E-04 62.5 ± 72.4 0.13 ± 0.07
1.07 ± 0.08E-03 10.6 ± 10.8 0.32 ± 0.15
9.74 ± 2.50E-04 6.8 ± 5.0 0.40 ± 0.21
1.66 ± 0.99E-02 84.7 ± 141.1 1.23 ± 0.81
5.28 ± 4.85E-04 1.4 ± 2.4 0.43 ± 0.48

7 �C, b +25 �C or c +15 �C.
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conformation [37]. This property is also important for
their ability to interact with cellular receptors such as
SR-BI and ABCA1. In addition, the interactions of apo-
lipoproteins with enzymes such as LCAT [38] and lipo-
protein lipase (LPL) [39,40], as well as the lipid transfer
proteins, CETP [41] and PLTP [12,42,43], essentially
contribute to the activity levels of these HDL remodel-
ing proteins. Using surface plasmon resonance analysis
we now demonstrate an interaction of PLTP with apoE,
apoA-IV, and apoA-I, and show that apoE and apoA-
IV, but not apoA-I, are capable of converting the inac-
tive form of plasma PLTP into an active form.

Two forms of PLTP exist in the circulation, one ac-
tive (HA-PLTP) and the other inactive (LA-PLTP).
Each form is associated with different apolipoprotein–
lipid complexes [14]. The physiological implications of
the distribution of PLTP between HA- and LA-PLTP
forms, and the mechanisms of PLTP inactivation/acti-
vation are poorly understood. Also, the exact mecha-
nism by which PLTP mediates PL transfer is still
unsolved and may possibly involve an interaction with
apolipoproteins. At present, the hypothesis that PLTP
functions by forming a ternary complex between donor
and acceptor lipoprotein particles, thus facilitating PL
transfer, is the favored one [44–46].

Studying the distribution of PLTP mass and activity
in subjects with hypoalphalipoproteinemia, Oka et al.
[47] demonstrated that the low plasma PLTP concentra-
tion was due to differences in the amount of inactive
PLTP, while the active form was comparable to that
observed in controls. In another study, infusion of
apoA-I/PL discs into human subjects, despite causing
a slight decrease in total PLTP mass, resulted in an
increase of plasma PLTP activity [48]. These findings
support the idea that, in the circulation, apolipopro-
tein–lipid complexes regulate the abundance of HA-
and LA-PLTP, and thereby the activity of plasma PLTP.

We have previously demonstrated that PLTP binds to
the N-terminal portion of apoA-I [42]. We now demon-
strate using surface plasmon resonance analysis that, in
addition to apoA-I, PLTP also binds to apoE and
apoA-IV. An interaction of both r-PLTP and LA-PLTP
with all three apolipoproteins occurred within a nano-
molar KD range, and the Rmax values were low, indicat-
ing fast reactions of variable stability (as illustrated by
the large standard deviations in Table 2). Fitting the
data to different kinetic models suggests that the ob-
served interactions do not obey a pure one site satura-
tion model, but instead involve more complex binding
dynamics possibly influenced by phospholipids associat-
ing with the PLTP proteins used. Several models, includ-
ing a two-state reaction, bivalent analyte, and parallel
reactions, supported the KD values obtained using Lang-
muir predictions.

Although the exact PLTP binding site on apoE is
currently unknown, an interesting observation is that
the genetically determined isoforms, apoE2, apoE3,
and apoE4, have different affinities and binding stabili-
ties for PLTP. Despite this, they are all capable of
activating LA-PLTP. This is in accordance with our pre-
vious finding that in a Finnish population sample no dif-
ferences in PLTP activity with the apoE genotypes could
be demonstrated [49]. Therefore, the physiological
importance of the different affinities of PLTP for the
apoE isoforms remains an interesting topic for future
investigation.

To determine whether the apolipoproteins that
interact with PLTP are capable of converting plasma
LA-PLTP to an active form, we incubated LA-PLTP
in the presence of proteoliposomes containing apoE,
apoA-IV, or apoA-I. To simulate the physiologic state
of the apolipoproteins, they were combined with lipids
for the activation experiments. The main observation
from this study was that, upon incubation of the low-ac-
tive form of PLTP with proteoliposomes containing
apoE, an activation of LA-PLTP was evident. The abil-
ity to activate LA-PLTP is not restricted to apoE alone,
as apoA-IV-proteoliposomes also induced the activation
process, while proteoliposomes containing apoA-I did
not. These results suggest that apoE and apoA-IV,
and possibly some other apolipoproteins, play a role
in maintaining plasma PLTP activity. The observation
that apoA-I did not activate LA-PLTP is in line with
our previous finding that apoA-I is a major component
of the plasma LA-PLTP complex [14]. The present data
demonstrate that plasma LA-PLTP is not purely a cat-
abolic intermediate but instead can be converted to the
active form, and suggest that the distribution of HA-
and LA-PLTP is subjected to a dynamic regulation by
apolipoproteins.
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[22] S. Siggins, M. Kärkkäinen, J. Tenhunen, J. Metso, E. Tahvanai-
nen, V.M. Olkkonen, M. Jauhiainen, C. Ehnholm, Quantitation
of the active and low-active forms of human plasma phospholipid
transfer protein by ELISA, J. Lipid Res. 45 (2004) 387–395.

[23] J. Damen, J. Regts, G. Scherphof, Transfer of [14C]phosphati-
dylcholine between liposomes and human plasma high density
lipoprotein. Partial purification of a transfer-stimulating plasma
factor using a rapid transfer assay, Biochim. Biophys. Acta 712
(1982) 444–452.
[24] J.A. Morrow, K.S. Arnold, K.H. Weisgraber, Functional charac-
terization of apolipoprotein E isoforms overexpressed in Esche-

richia coli, Protein Expr. Purif. 16 (1999) 224–230.
[25] S.C. Rall, K.H. Weisgraber, R.W. Mahley, Isolation and charac-

terization of apolipoprotein E, in: J.P. Segrest, J.J. Albers (Eds.),
Methods in Enzymology, Academic Press, Orlando, 1986, pp.
273–279.

[26] P.G. Lerch, J.-J. Morgenthaler, M.C. Peitsch, H. Friedli, G.
Hodler, J.E. Doran, H. Isliker, H.J. Heiniger, Isolation and
properties of apolipoprotein A for therapeutic use, Prot. Biol.
Fluid. (1989) 409–419.

[27] L.G. Fagerstam, A. Frostell-Karlsson, R. Karlsson, B. Persson,
I. Ronnberg, Biospecific interaction analysis using surface plas-
mon resonance detection applied to kinetic, binding site and
concentration analysis, J. Chromatogr. 597 (1992) 397–410.

[28] M. Malmqvist, Surface plasmon resonance for detection and
measurement of antibody–antigen affinity and kinetics, Curr.
Opin. Immunol. 5 (1993) 282–286.

[29] C.E. Matz, A. Jonas, Micellar complexes of human apolipopro-
tein A-I with phosphatidylcholines and cholesterol prepared
from cholate–lipid dispersions, J. Biol. Chem. 257 (1982) 4535–
4540.

[30] C.H. Chen, J.J. Albers, Characterization of proteoliposomes
containing apoprotein A-I: a new substrate for the measurement
of lecithin: cholesterol acyltransferase activity, J. Lipid Res. 23
(1982) 680–691.

[31] P.J. Blanche, E.L. Gong, T.M. Forte, A.V. Nichols, Character-
ization of human high-density lipoproteins by gradient gel
electrophoresis, Biochim. Biophys. Acta 665 (1981) 408–419.

[32] K.A. Rye, K.H. Garrety, P.J. Barter, Preparation and character-
ization of spheroidal, reconstituted high-density lipoproteins with
apolipoprotein A-I only or with apolipoprotein A-I and A-II,
Biochim. Biophys. Acta 1167 (1993) 316–325.

[33] R.J. Havel, H.A. Eder, J.H. Bragdon, The distribution and
chemical composition of ultracentrifugally separated lipoproteins
in human serum, J. Clin. Invest. 34 (1955) 1345–1353.

[34] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein
measurement with the folin phenol reagent, J. Biol. Chem. 193
(1951) 265–275.

[35] U.K. Laemmli, Cleavage of structural proteins during the
assembly of the head of bacteriophage T4, Nature 227 (1970)
680–685.

[36] H. Towbin, T. Staehelin, J. Gordon, Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: proce-
dure and some applications, Proc. Natl. Acad. Sci. USA 76 (1979)
4350–4354.

[37] J. Xicohtencatl-Cortes, R. Castillo, J. Mas-Oliva, In search of
new structural states of exchangeable apolipoproteins, Biochem.
Biophys. Res. Commun. 324 (2004) 467–470.

[38] M.G. Sorci-Thomas, L. Curtiss, J.S. Parks, M.J. Thomas, M.W.
Kearns, M. Landrum, The hydrophobic face orientation of
apolipoprotein A-I amphipathic helix domain 143–164 regulates
lecithin:cholesterol acyltransferase activation, J. Biol. Chem. 273
(1998) 11776–11782.

[39] R.J. Havel, V.G. Shore, B. Shore, D.M. Bier, Role of specific
glycopeptides of human serum lipoproteins in the activation of
lipoprotein lipase, Circ. Res. 27 (1970) 595–600.

[40] J.C. LaRosa, R.I. Levy, P. Herbert, S.E. Lux, D.S. Fredrickson,
A specific apoprotein activator for lipoprotein lipase, Biochem.
Biophys. Res. Commun. 41 (1970) 57–62.

[41] B.F. Asztalos, K.V. Horvath, K. Kajinami, C. Nartsupha, C.E.
Cox, M. Batista, E.J. Schaefer, A. Inazu, H. Mabuchi, Apolipo-
protein composition of HDL in cholesteryl ester transfer protein
deficiency, J. Lipid Res. 45 (2004) 448–455.

[42] P.J. Pussinen, M. Jauhiainen, J. Metso, L.E. Pyle, Y.L. Marcel,
N.H. Fidge, C. Ehnholm, Binding of phospholipid transfer
protein (PLTP) to apolipoproteins A-I and A-II: location of a



340 M.T. Jänis et al. / Biochemical and Biophysical Research Communications 331 (2005) 333–340
PLTP binding domain in the amino terminal region of apoA-I, J.
Lipid Res. 39 (1998) 152–161.

[43] P.J. Barter, O.V. Rajaram, L.B. Chang, K.A. Rye, P. Gambert,
L. Lagrost, C. Ehnholm, N.H. Fidge, Isolation of a high-
density-lipoprotein conversion factor from human plasma. A
possible role of apolipoprotein A-IV as its activator, Biochem. J.
254 (1988) 179–184.

[44] J. Huuskonen, V.M. Olkkonen, M. Jauhiainen, J. Metso, P.
Somerharju, C. Ehnholm, Acyl chain and headgroup specificity of
human plasma phospholipid transfer protein, Biochim. Biophys.
Acta 1303 (1996) 207–214.

[45] A. Korhonen, M. Jauhiainen, C. Ehnholm, P.T. Kovanen, M.
Ala-Korpela, Remodeling of HDL by phospholipid transfer
protein: demonstration of particle fusion by 1H NMR spectros-
copy, Biochem. Biophys. Res. Commun. 249 (1998) 910–916.

[46] N. Settasatian, M. Duong, L.K. Curtiss, C. Ehnholm, M.
Jauhiainen, J. Huuskonen, K.A. Rye, The mechanism of the
remodeling of high density lipoproteins by phospholipid transfer
protein, J. Biol. Chem. 276 (2001) 26898–26905.

[47] T. Oka, S. Yamashita, T. Kujiraoka, M. Ito, M. Nagano, Y.
Sagehashi, T. Egashira, M.N. Nanjee, K. Hirano, N.E. Miller,
Y. Matsuzawa, H. Hattori, Distribution of human plasma PLTP
mass and activity in hypo- and hyperalphalipoproteinemia, J.
Lipid Res. 43 (2002) 1236–1243.

[48] M.N. Nanjee, C.J. Cooke, R. Garvin, F. Semeria, G. Lewis,
W.L. Olszewski, N.E. Miller, Intravenous apoA-I/lecithin discs
increase pre-beta-HDL concentration in tissue fluid and stimulate
reverse cholesterol transport in humans, J. Lipid Res. 42 (2001)
1586–1593.

[49] M.T. Jänis, S. Siggins, E. Tahvanainen, R. Vikstedt, K. Silander,
J. Metso, A. Aromaa, M.R. Taskinen, V.M. Olkkonen, M.
Jauhiainen, C. Ehnholm, Active and low-active forms of serum
phospholipid transfer protein in a normal Finnish population
sample, J. Lipid Res. 45 (2004) 2303–2309.


	Apolipoprotein E activates the low-activity form of human phospholipid transfer protein
	Materials and methods
	Results
	Binding of r-PLTP and LA-PLTP to apoE, apoA-I, and apoA-IV
	Activation of the low-activity form of PLTP

	Discussion
	References


