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A B S T R A C T

Human phospholipid transfer protein (PLTP) mediates the transfer of phospholipids among atheroprotective
high-density lipoproteins (HDL) and atherogenic low-density lipoproteins (LDL) by an unknown mechanism.
Delineating this mechanism would represent the first step towards understanding PLTP-mediated lipid transfers,
which may be important for treating lipoprotein abnormalities and cardiovascular disease. Here, using various
electron microscopy techniques, PLTP is revealed to have a banana-shaped structure similar to cholesteryl ester
transfer protein (CETP). We provide evidence that PLTP penetrates into the HDL and LDL surfaces, respectively,
and then forms a ternary complex with HDL and LDL. Insights into the interaction of PLTP with lipoproteins at
the molecular level provide a basis to understand the PLTP-dependent lipid transfer mechanisms for dyslipi-
demia treatment.

1. Introduction

Phospholipid transfer protein (PLTP) mediates the phospholipid
transfer among lipoproteins, including high-density lipoproteins (HDL),
low-density lipoproteins (LDL), intermediate density lipoproteins (IDL),
very low-density lipoproteins (VLDL) and chylomicrons [1, 2]. Ad-
ditionally, PLTP has been reported to have a unique function in re-
modeling HDL [3]. Since it is well known that the HDL cholesterol level
is closely related to atherosclerosis and coronary artery disease (CAD)
[4, 5], exploring the connection between PLTP and CAD is necessary.
Some studies suggest that high PLTP activity may be a risk factor for
CVD based on the increased PLTP activity reported in CAD patients and
the inverse correlation between PLTP expression and the HDL level
[6–9]. However, there are also opposite results, indicating that low
PLTP activity is a marker for peripheral arterial disease (PAD) [10] and
PLTP deficiency causes accumulation of cholesterol in the circulatory
system and accelerates the development of atherosclerosis [11]. These
controversial results about PLTP function in developing CAD motivated
our study of the mechanism of PLTP-mediated lipid transfer among li-
poproteins at the molecular level.

PLTP is a plasma glycoprotein with a molecular mass of ∼81 kDa
[12]. As a family member of the lipopolysaccharide (LPS)-binding/lipid
transfer proteins, PLTP shares approximately 20% sequence identity
with cholesteryl ester transfer protein (CETP) and bactericidal

permeability increasing protein (BPI) [13, 14]. Due to the similar roles
of PLTP and CETP as lipid transfer vehicles, many biochemical ex-
periments have been performed comparing their similarities and dif-
ferences [13, 15]. Unlike CETP, which primarily mediates net lipid
transfer, including the exchange of cholesterol ester (CE) and trigly-
cerides (TG) from HDL to triglyceride-rich lipoproteins such as LDL
[16], PLTP is mainly responsible for promoting the transfer of phos-
pholipids from lipid-rich lipoproteins to HDL [17]. Both PLTP and CETP
enable the remodeling of the HDL size, even without the involvement of
another lipoprotein species [18, 19]. Moreover, incubation experiments
in vitro have predicted that both PLTP and CETP could form a ternary
complex with two HDL particles, creating a large unstable fusion in-
termediate, which would finally result in either three smaller particles
or remain as an enlarged fusion particle [19, 20]. However, electron
microscopy experiments did not favor this hypothesis, at least for CETP,
due to the absence of observation of the ternary HDL-CETP-HDL com-
plexes [21–24]. Whether the ternary complex of HDL-PLTP-HDL could
be observed by electron microscopy remains a question.

Although the structure of PLTP is still unavailable, homology
models have been constructed based on the X-ray structure of human
BPI [25–27]. PLTP was predicted to have a banana-shaped structure
with a long narrow tunnel connecting two distal end openings and two
lipid binding pockets [25], which is very similar to the structure of
CETP [25]. However, the Ω1 flap on the C-terminal end of CETP [28]
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end adopts a very different conformation to that in PLTP. Moreover,
two α-helixes along the PLTP tunnel are relatively short compared to
those of CETP, potentially affecting the structural flexibility of PLTP.
Considering that PLTP and CETP have different functions and activities
during lipid transfer [15], it is necessary to investigate whether PLTP
adopts a similar binding conformation with HDL as that of CETP, and
whether it shares a similar lipid transfer mechanism to CETP, such as
the shuttle mechanism [21, 29] or the tunnel model [30].

Difficulties in studying the structure-based PLTP-mediated lipid
transfer and HDL remodeling mechanisms lie in lipoprotein structure
heterogeneity [31–33], which is caused by the variety of lipoprotein
compositions, such as difference in lipid and protein components
among or within each species of lipoproteins. Moreover, the physical
properties of the lipid components result in lipoprotein structural
softness and dynamics, especially for HDL [34–36]. A particle-by-par-
ticle structural study is required to examine lipoprotein-PLTP interac-
tions. Here, we used our reported and validated optimized negative-
staining electron microscopy (OpNS EM) protocol [34, 37], rapidly
settling the structure and eliminating the major artifacts [22, 38–40]
without losing high contrast or structure details [34, 37, 41], to ex-
amine the example. We then used individual-particle electron tomo-
graphy (IPET) [42] and single-particle analysis (SPA) techniques [43]
to study the three-dimensional (3D) structure of PLTP and its interac-
tion with lipoproteins and the liposome. As a comparison, CETP was
also used for the incubation with different lipoproteins.

2. Results

2.1. Structure of PLTP

We first examined a PLTP sample using the optimized OpNS-EM
methodology [19, 27]. Both the surveyed micrographs (Fig. 1A) and the
selected particle views (Fig. 1B) revealed a boomerang- or banana-
shaped structure of PLTP, as predicted by homology modeling [25],
with dimensions of ∼12.4 ± 1.9 nm×∼3.8 ± 0.6 nm. These mea-
surements excluded aggregated particles, which may be related to the
exposure of PLTP surface hydrophobic residues [44] to the solvent. As a
comparison, a sample of mutated PLTP (M159E) [45], which lacks lipid
transfer activity [5], was also examined (Supplementary Fig. 1A). Iso-
lated particles of wild-type PLTP were windowed (Fig. 1B) and the
particle images were submitted to reference-free classification and
averaging [38]. The result showed that the particle shape and size are
highly similar to the homology model (Fig. 1C) and some detailed
features could be distinguished, such as the concave-shaped surface, the
tapper N-terminal β-barrel domain and globular C-terminal β-barrel
domain (Fig. 1C and D).

A further examination of the 3D structure and dynamics of the PLTP
particles were conducted by electron tomography (ET). The targeted
particles were imaged from a series of tilt angles ranging from −60° to
60° in steps of 2°. The images of each individual PLTP particle were
extracted from the tilted series after contrast transfer function (CTF)
correction, and then the particle tilt series were submitted for 3D in-
dividual-particle electron tomography (IPET) reconstruction [42]
(Fig. 1E). Representative IPET 3D reconstructions (Fig. 1F, right six
columns) and tilted views of representative particles (Fig. 1G) con-
firmed the banana-shaped structure of PLTP, with similar dimensions to
the homology model [25]. The analysis of the curvature of IPET-re-
constructed PLTP particles showed a noticeable variation in the angle
between the two center axes of the N- and C-terminal β-barrel domains
(with a mean of 140.63° ± 10.61°) (Fig. 1F, third row), which has been
predicted by molecular dynamics simulations in CETP [46]. The re-
solutions of the IPET 3D maps were ∼19 Å based on the intra-Fourier
shell correlation (intra-FSC) analysis [42] (Fig. 1H, right panel).

To validate the significance of the IPET 3D reconstruction, the
single-particle 3D reconstruction method was used to classify and
average a total of ∼7000 particle images [43]. In this process, the IPET

3D map was used as an initial model after low-pass filtration to 80 Å to
avoid potential initial model bias. The single-particle 3D reconstruction
at a resolution of ∼19 Å confirmed the banana-shaped structure of
PLTP (∼129 Å×36 Å), which is very similar to the IPET 3D re-
construction and the homology model (Fig. 1F, first column and last
row). Fitting the homology model into the envelopes of the single
particle 3D reconstruction showed a similar quality to that fitted to the
IPET 3D reconstruction, suggesting similar resolution between the IPET
and the single particle 3D reconstructions (Fig. 1H, left panel).

2.2. Binary conformation of the PLTP-HDL3 complex

To examine how PLTP interacts with HDL3, PLTP was incubated
with HDL3 at molar ratios of ∼3:1, and then examined by OpNS EM.
The survey EM images showed that protruding features were observed
on the spherical-shaped HDL3 particles (with an HDL3 diameter of
∼12.28 ± 1.91 nm) (Fig. 2B), in which no more than two PLTP mo-
lecules could be observed on a single HDL3 particle (Supplementary
Fig. 1G). In comparison, the HDL-PLTPM159E sample only had
1.88 ± 0.89% of the HDL3 particles that were observed with pro-
truding features, which is significant lower than the percentage of
bound HDL3 in the HDL-wild-type PLTP sample (25.06 ± 4.19%). This
lower percentage of binding to HDL3 may explain the ineffective lipid
transfer activity [5] of PLTPM159E. Interestingly, much less aggregation
of the PLTP particles was observed compared with the sample of PLTP
alone (Fig. 2A), which implies that the disassembling of the aggregates
may occur through the absorption of PLTP onto HDL3 particles. To
analyze the detailed structure of PLTP-bound HDL3, complex particle
images were submitted to reference-free 2D classification and averaging
(Fig. 2C and D). The class averages showed that the distal end of PLTP
inserts into the HDL3 particles, with ∼8.09 ± 1.41 nm remaining
outside the HDL3 surface. The averaged PLTP width is
∼3.44 ± 0.51 nm and the binding conformation is similar to the
garlic-shaped structure of CETP binding to HDL3 [31]. This result
suggests that the hydrophobic N-terminal β-barrel domain of PLTP in-
teracts with HDL3.

To further examine the structure of PLTP-bound HDL3 in 3D, PLTP-
HDL3 complexes were also imaged using OpNS ET (Fig. 2E). A series of
tilt views of the images (ranging from −62° to +67° in steps of 1.5°)
confirmed the garlic shaped structure (Fig. 2G), in which a banana-
shaped PLTP molecule is attached to a spherical HDL3 particle, as ob-
served in 2D images. By using IPET, 3D density maps were re-
constructed from the tilted images of individual complexes. Re-
presentative complex particles showed resolutions of ∼27 Å (indicated
by intra-FSC analysis) (Fig. 2H, right, and Fig. 2F, right four columns).
The density contour level of these 3D maps was defined as close to a
molecular weight of ∼330 kDa, which confirmed the garlic-shaped 3D
structure of the complex. Additionally, we detected a variety of HDL3-
PLTP complexes, especially in terms of the size of the HDL3 particle
(10.82 ± 1.43 nm) and the width of the free end of PLTP
(3.39 ± 0.64 nm; Fig. 2F, last row).

To evaluate the statistical significance of the IPET 3D structures, the
single-particle 3D reconstruction method [38] was also used to classify
and average a total of ∼32,000 complexes of PLTP-HDL3 (Fig. 2F). As
an initial model, the IPET 3D maps were low-pass filtered to 80 Å to
avoid potential bias. Due to the heterogeneity of HDL3, only a small
portion of complexes (∼4700 particles) with relatively homogeneous
HDL3 diameters were selected for 3D reconstruction (Fig. 2H, left
panel). The single-particle 3D reconstruction at a resolution of ∼23 Å
again confirmed a garlic-shaped structure, with a quasi-spherical HDL3
(with dimensions of ∼11.5× 11.6×11.6 nm) carrying a rod-shaped
PLTP protrusion (with a length of ∼8.0 nm and a width of ∼3.8 nm, at
a contour level corresponding to the molecular volume of the complex).
This spherical HDL3 contains a low-density core and a relatively high-
density outer shell, whereas the density of the PLTP protrusion is even
higher than the outer shell. The angle between the inserted PLTP and
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the tangent plane of the HDL3 surface is ∼63°, which is similar to that
of CETP-bound HDL [31].

To determine the orientation of PLTP in binding to HDL3, two
structural analysis methods in Chimera [47] were used to analyze the
PLTP homology model fitting into the protruded density on the HDL3
surface (Fig. 2F, third row). Unfortunately, these analyses were in-
sensitive to distinguish which distal end penetrates the HDL3 surface. In
detail, i) by fitting each of the β-barrel domains into the rod-shaped
density portion, the average map fit value showed a similar score
(∼4.65 vs. ∼4.69; and ∼22.4% vs. ∼18.2% atoms outside the contour
for the C-terminal and the N-terminal fitting, respectively); ii) by
computing the correlation values between the protrusion density and
14-Å-resolution density maps generated from the above two fittings,
respectively, the R-value results of ∼0.95 vs. ∼0.94 were insufficient
to distinguish which was better. However, considering the distal end of
the N-terminal β-barrel domain contains a hydrophobic lipid pocket
similar to CETP, and the CETP N-terminal β-barrel domain penetrates
into the HDL3 surface [21, 31] due to hydrophobic interactions [22], we
hypothesize that the N-terminal pocket opening penetrates the HDL3
surface.

2.3. Binary conformation of PLTP interacting with LDL, VLDL or Liposome

To examine the interactions between PLTP and other lipoproteins,
such as LDL, VLDL, and liposome, the lipoprotein samples were in-
cubated with or without the presence of PLTP, and then imaged using
OpNS EM. Without PLTP, the spherical shaped particles of LDL (dia-
meter ∼200–300 Å), VLDL (diameter ∼370–600 Å) and liposome
(diameter ∼200–1000 Å) showed no protrusions (Supplementary
Fig. 1D, E and F). However, in the presence of PLTP, rod-shaped PLTP
molecules were observed on the globular surface of LDL, VLDL and li-
posome (Fig. 3A, B and C). Approximately 7.3% of the LDL particles,
∼4.3% of the VLDL particles and ∼13% of the liposomes showed one
or two protrusions (Fig. 2A and B, and Supplementary Fig. 1H). The
angle between the inserted PLTP and the tangent plane of the LDL and
VLDL surface is difficult to measure due to the large difference in dia-
meters between LDL/VLDL and PLTP, and the much floppier 3D
structure of LDL/VLDL compared with HDL3. The percentages of par-
ticles bound to PLTP were significantly higher for HDL3 than for LDL
and VLDL, suggesting that PLTP has a higher binding affinity for HDL3
than for LDL/VLDL/liposome.

Fig. 1. OpNS EM images and 3D reconstruction of PLTP particles. A) Survey view of the sample of PLTP particles (yellow dashed circles). B) Representative raw PLTP
particles. C) Selected reference-free class averages. D) Selected projections of the single particle 3D reconstruction (average from a thousand particles). E) Ab-initio
3D reconstruction of an individual PLTP particle by individual particle electron tomography (IPET). The particle was imaged by electron tomography (ET, tilt angles
ranging from −60° to 60° in steps of 2°). Seven representative tilt views of a targeted PLTP particle present the step-by-step process of IPET 3D reconstruction shown
in columns 2 to 5. The final IPET 3D reconstruction is displayed in the last column. F) The comparison of the single particle 3D reconstructions (column 1, pink
model) and the IPET 3D reconstructions (columns 2 to 7, gray models). Six representative IPET 3D reconstructions from six targeted PLTP particles are displayed,
with different curvatures indicated by docking of the homology model into each density map (row 4). G) Three representative tilt views of the single-axis tilt series of
PLTP particles. H) The resolutions of the single particle 3D reconstruction and the resolution of the IPET 3D reconstruction are estimated by FSC between two models
built from odd- and even-numbered views, respectively. Scale bars: A, 25 nm; F, 5 nm; G, 20 nm. The box sizes are 29 nm for B, C, D and E.
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2.4. Ternary conformation of PLTP interacting with HDL3 and LDL, VLDL
or liposome simultaneously

To examine how PLTP interacts with atheroprotective and athero-
genic lipoproteins simultaneously, samples of the co-incubation of LDL
with HDL3 in the presence of PLTP were imaged using OpNS EM. The
micrographs showed a small amount of LDL particles forming a ternary
complex via the bridging of two HDL3 particles through a PLTP mole-
cule (Fig. 3D). The portion of bridges are ∼25 Å, which is markedly
shorter than the length of PLTP alone (∼129 Å) or the length of the
PLTP protrusion on the HDL3 surface (∼80 Å), suggesting that both
distal ends of PLTP penetrated into the corresponding surface of LDL
and HDL3 simultaneously. When repeating the above experiments by
co-incubating with VLDL or liposome, a similar phenomenon was ob-
served, in which a rod-shaped PLTP density (with a length of ∼30 Å)
bridging a large spherically shaped VLDL or liposome with a small
spherically shaped HDL3 particle (Fig. 3E and F). Interestingly, the
percentages of PLTP-bound LDL, VLDL and liposome particles were
about doubled in forming the ternary complexes, i.e., ∼16.6%,
∼11.9%, and ∼18.2%, respectively. A similar phenomenon was also
previously observed for CETP-lipoprotein incubation [23], which sug-
gests that CETP and PLTP share a similar binding mechanism. The

interaction of the N-terminal β-barrel domain with HDL3 may trigger a
conformational change in the C-terminal β-barrel domain to increase
the binding affinity to other lipoproteins.

2.5. PLTP function in HDL3 remodeling

To examine the differences in PLTP-mediated lipid transfer effi-
ciency among HDLs themselves, between HDL3 and other lipid-rich
particles or merely fusing the HDL3 particles, the above samples, HDL-
PLTP-LDL/VLDL/liposome (with a molar ratio of PLTP, HDL3 and LDL/
VLDL/liposome of 9:3:1) and PLTP-HDL3 (molar ratio of 3:1) were
further incubated separately for up to 24–48 h at 37 °C. Samples
without HDL3 (LDL/VLDL-PLTP) or PLTP (HDL3-liposome) were used as
controls. The molar ratios of lipoproteins were estimated based on the
protein concentration of apoA-I and apo-B in HDL and LDL/VLDL, in
which it is assumed that the spherical HDL contains three copies of
ApoA-I and LDL/VLDL contains one copy of ApoB-100. The molar ratios
were further validated by EM images, in which the lipoprotein samples
were mixed under different ratios and dilution conditions for TEM ex-
amination. The average number of particles per unit area on the carbon
film was calculated to confirm the molar ratio in the original samples.

Since the amount of lipid transfer cannot be measured by OpNS EM,

Fig. 2. OpNS EM images and 3D reconstruction of the PLTP-HDL3 complexes. A) Survey view of PLTP-HDL3 complexes, indicated by yellow dashed circles. B)
Representative particle images of PLTP-HDL3 complexes. C) The selected reference-free class averages. D) Selected projections of the single particle 3D re-
construction. E) Ab-initio 3D reconstruction of an individual PLTP-HDL3 complex by IPET. The complex was imaged by ET tilting from −62° to 67° in steps of 1.5°.
Seven representative tilting views (column 1) were compared to the projections from the intermediate 3D reconstruction (columns 2 to 5) at corresponding angles.
The final IPET 3D reconstruction is displayed in the last column. F) The comparison of the 3D reconstructions by the single particle averaging method (column 1, a
quasi-spherical shape density and a single protrusion were labeled with cyan and pink colors, respectively) and IPET (column 2 to 7, gray models). Four re-
presentative IPET 3D reconstructions of PLTP-HDL3 complexes were docked with the homology model of PLTP (row 3). G) Three representative views of the single-
axis tilt series of PLTP-HDL3 complexes. H) Single particle 3D averaging and IPET 3D reconstruction resolution were estimated by Fourier-shell correlation (FSC)
between two models built from odd- and even-numbered views, respectively. Scale Bars: A, 40 nm; F, 15 nm; G, 30 nm. All the box sizes are 37 nm for B, C, D and E.
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the change in the HDL3 diameter was used as an alternative to in-
directly reflect the lipid transfer activity from lipid-rich particles to
HDL3. The observation of HDL size change in this simplified model can
also be affected by the PLTP-mediated fusion process [48]. At certain
point, pre-β particles are released, and the remaining apoA-I deficient
HDL3 particles are prone to fuse thereby increasing particle diameter.
Therefore, the increase in particle size is not a perfect surrogate for
PLTP transfer activity.

Starting with a relatively simple case, in which only HDL3 and PLTP
were incubated at a molar ratio of 1:3, OpNS EM images showed an
increased HDL3 size with incubation time (Fig. 4A, Supplementary
Fig. 2A and B). In brief, although the HDL3 size remains stable at 15min
and 40min, a significantly increased HDL3 size (∼110%) was observed
after a two-hour incubation (Fig. 4E), and it grows continually until 8 h
with its diameter increased to ∼135% compared with the initial con-
ditions. Meanwhile, the number of HDL3 particles showed an ob-
servable decrease. After 8 h, the growth started to slow down. This may
be due to the lack of free volume, which will not allow more lipids to be
loaded onto the surface of a large HDL3 particle. The largest particle at
24 h was approximately 4 times larger in diameter than normal HDL3.
In these experiments, the ternary complex of one PLTP bridging two
HDL3 particles was not observed.

As a control, LDL and PLTP were also incubated together at a molar
ratio of 1:3. The particle size measurement from OpNS EM images
showed that the LDL size remains at 100% (∼25.5 nm) over the whole
incubation time up to 24 h, suggesting that PLTP does not cause any
significant size variation in the LDL particle (Supplementary Fig. 2C
and D).

2.6. Comparison of PLTP and CETP functions in HDL3 remodeling

To further understand the functional specificity of PLTP in re-
modeling the HDL3 size, we repeated the above experiments using CETP
to compare with PLTP (Fig. 5). The statistical analyses of the HDL3 size

from the OpNS images showed that: i) PLTP-mediated HDL3 remodeling
was much slower than that by CETP. The peak HDL3 size shifted away
from its original position at 8 h for PLTP, while it took only 2 h for CETP
to produce a noticeable HDL3 size change; ii) PLTP-mediated re-
modeling led to a general increase in the HDL3 size, which results in a
more homogenous population. Small particles are rarely observed in
the images of the PLTP-HDL3 samples. In comparison, the density of the
HDL3 size peak decreased dramatically after 40min for CETP but not
PLTP, and the peak split at 8 h, indicating that CETP redistributed the
HDL3 population and most of the particles centered on a smaller size.
iii) Though both PLTP and CETP can cause the formation of large HDL3
particles, the HDL3 particles enlarged by PLTP have a much “smoother”
surface, while CETP-induced large HDL3 particles are generally at-
tached to multiple CETPs, indicating differences in the mechanisms of
HDL3 remodeling by PLTP and CETP.

2.7. PLTP-mediated lipid transfer between HDL3 and LDL/VLDL/Liposome

To study the PLTP-mediated lipid transfer function in the presence
of both atheroprotective and atherogenic lipoproteins simultaneously,
we incubated LDL, HDL3 and PLTP together at a molar ratio of 1:3:9 for
different lengths of incubation time. OpNS EM images showed that the
mean diameter of the HDL3 increased with incubation time for the
HDL3-PLTP-LDL sample (Fig. 4B). In brief, although the HDL3 size
(∼10.3 nm in the beginning) was not significantly changed after in-
cubation for 15min and 40min, the mean diameter increased to
∼108% of the initial diameter after 2 h (Fig. 4B and E, Supplementary
Fig. 3A and B) and further increased to ∼132% after 24 h. This per-
formance was similar to the increase in the HDL3 size in the absence of
LDL, suggesting that LDL is not a major factor that influences the rate of
HDL3 size growth. Similarly, we compared the HDL3-PLTP-LDL in-
cubation to the previously reported incubation of HDL3-CETP-LDL
(Supplementary Fig. 4) [23], where the HDL3 size peak did not diverge
as shown in the CETP-HDL3 incubation (Fig. 5A and C). However, in the

Fig. 3. Structure of PLTP bound to LDL, VLDL and liposome by OpNS EM. Survey OpNS EM images (left panel), representative particle images (right panel) and the
corresponding particle cartoon (top right panel) of the binary complex after incubating PLTP with A) LDL, B) VLDL, or C) liposome and the ternary complex after
incubating HDL3 and PLTP with D) LDL, E) VLDL, or F) liposome at 37 °C for 1min. The PLTP binding positions on each type of substrate were labeled with yellow
dashed circles and yellow arrows. Particle window size: A, 44 nm; B, 60 nm; C, 120 nm D, 44 nm; E, 74 nm; F, 96 nm. All scale bars: A–F, 40 nm.
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presence of LDL, the larger “spiky” particles (the particles attached to
multiple PLTPs) disappeared and the HDL3 particle size continued de-
clining (Supplementary Fig. 4). This significant difference between
PLTP and CETP indicates that CETP-mediated HDL3 remodeling is more
dependent on other species of lipoproteins. This activity is consistent
with the observation that a higher percentage of LDL/VLDL particles
showed bound CETPs [23] compared to bound PLTPs (Fig. 3A and B).

As a parallel comparison experiment, VLDL instead of LDL was used
to repeat the above experiments (HDL-PLTP-VLDL) (Fig. 4C and E,
Supplementary Fig. 3C and D). The OpNS EM images showed that the
HDL3 sizes increased to ∼110% and ∼134% at 2 h and 24 h, respec-
tively. The fitted curve was similar to that of HDL3-PLTP and HDL3-
PLTP-LDL, as described above (Fig. 4E). These results confirm that the
rate of PLTP-mediated HDL3 growth is also not significantly altered by
VLDL.

Similar to the above, liposome instead of LDL/VLDL was used to
repeat the incubation experiments (HDL3-PLTP-liposome). Liposomes
are well-defined phospholipid donors to HDL3, designed to measure the
phospholipid transfer activity by radioactive labeling [49, 50]. The
samples of liposome particles were incubated with HDL3 particles with
or without PLTP at a molar ratio of 1:3:9 (liposome:HDL3:PLTP) or 1:3
(liposome:HDL3), respectively. The control samples without PLTP
showed that the HDL3 particles retained a constant size during long-
term incubation (Supplementary Fig. 5A). In the presence of PLTP, the

mean diameter of the HDL3 particles increased throughout the in-
cubation time (Fig. 4D and E). However, the speed was slower than for
LDL/VLDL. For example, after 24 h, the particle size only increases to
∼120%, similar to the size increase in the VLDL/LDL-PLTP-HDL3 ex-
periment in 8 h. To achieve a similar final HDL3 particle size of∼135%,
as seen in the VLDL/LDL-PLTP-HDL3 experiments at 24 h, the liposome-
PLTP-HD3L sample incubation had to be extended to 72 h (∼132% of
the initial size) (Fig. 4D, Supplementary Fig. 5B).

Based on the evidence from the above incubation experiment that
the HDL3 size increase rate is similar in both the HDL3-PLTP and the
HDL3-PLTP-LDL/VLDL groups, we can conclude that PLTP-induced
HDL3 self-remodeling has greater effect on the HDL3 size compared
with lipid transfer from other lipoprotein species to HDL3. This is in
agreement with the observation that liposome slows down the PLTP-
mediated HDL3 remodeling. Given that more PLTPs bound to liposome
than to LDL and VLDL (∼13% for liposome vs. 7.3% for LDL and 4.3%
for VLDL bound to PLTPs, plus each liposome can bind more PLTPs due
to its large surface area), a lower percentage of PLTP will participate in
the HDL3 self-remodeling, although it may increase the formation of
ternary complexes for lipid transfer. However, the effect of the latter is
much weaker than the former.

Fig. 4. PLTP-induced HDL3 remodeling in the samples of HDL3-PLTP, HDL3-PLTP-LDL, HDL3-PLTP-VLDL and HDL3-PLTP-liposome. A) OpNS EM images of the
sample of HDL3, B) HDL3 and LDL, C) HDL3 and VLDL, and D) HDL3 and liposome were incubated with PLTP at 37 °C for an incubation time of 0 h, 2 h and 24 h (for
HDL3-PLTP, HDL3-PLTP-LDL and HDL3-PLTP-VLDL) and 0 h, 24 h and 72 h (for HDL3-PLTP-liposome). E) The statistical distribution of HDL3 size against the
incubation time. Approximately 300–500 HDL3 particles were assessed for each category. The relative mean diameter measurement of HDL3 starting at 0 min
(∼12.50 nm) is set as 100%. The particle diameters were measured based on the geometric mean of two diameters: the longest diameter and its perpendicular
diameter. All scale bars: 50 nm.
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3. Discussion

3.1. The structure of PLTP determined by the OpNS IPET method

Since the discovery of PLTP and its cloning in 1994 [10], numerous
questions about its 3D structure and the nature of its interactions with
lipids and lipoproteins have remained unanswered because of the
technical difficulties associated with the crystallization of PLTP and the
direct observation of its interactions with lipoprotein particles. Using
our OpNS protocol [34, 37], the IPET approach [42], and a conven-
tional single-particle reconstruction approach, we visualized the 3D
molecular structure of PLTP and its interactions with various lipopro-
teins. The observed 3D structure of the PLTP molecule revealed by the
studies reported here remarkably resembles the homology model based
on the BPI crystal [25–27], including the previously putative model of
an allegedly disordered portion of the C-terminal tail-end sequence of
PLTP, not seen in any of the other molecular family members. These
studies confirm the two β barrel-like domains containing the N- and C-
terminal lipid binding pockets (and their relative positions), the cur-
vature of the banana-shaped molecule, and the presence of a channel
through the entire length of the molecule.

In addition to individual PLTP molecules, we also observed PLTP
molecular aggregates. These aggregates may be the inactive form of the
PLTP, which represents up to 70% of all PLTP in human blood, and
have an average size distribution from 340 to over 600 kDa [51–53].
Interestingly, a PLTP mutant that is inactive in lipid transfer,
PLTPM159E, formed more aggregates than wild-type PLTP and had even
fewer interactions with HDL, supporting the idea that some of the lipid
transfer inactivity may be associated with self-aggregation of PLTP

molecules and their inability to bind lipoproteins.
The concepts of active and inactive PLTP refer to PLTP found in the

blood. Recombinant PLTP is not bound to lipoproteins (the presumed
basis of active PLTP in the blood. The self-aggregated forms in the
rPLTP preparation are rare and contain no other proteins, such as those
found in the inactive PLTP complexes in the blood. Therefore, it is not
possible to compare rPLTP with the so-called active or inactive forms of
PLTP in the blood. Even if some inactive form of PLTP is present, it is
unlikely that it would introduce a bias in our observations.

3.2. The PLTP-HDL complex is the basic functional unit for lipid transfer
activity

The observation of a clear rod-shaped protrusion adopting a vertical
conformation relative to the HDL3 surface is direct evidence that PLTP
is part of the binary complex binding to the HDL3 surface. No PLTP
molecule was found with its concave surface docking to the convex
surface of HDL3, or with its two distal ends bridging two HDL3 particles,
together forming a typical “dumbbell” shaped ternary complex. This
observation of the convex surface of PLTP binding to HDL3 implies that
that PLTP binding to HDL3 particles is directional. The observation of
fewer PLTPM159E-HDL3 complexes suggests that mutation may disable
this HDL3 binding function of PLTP either directly (by changing the
PLTP structure) or indirectly (by enhancing PLTP aggregation). Overall,
fitting the PLTP model into the binary complex showed consistency
between the structure and the density map. However, the free C-
terminal globular end of the PLTP was larger than expected. Since one
function of PLTP is the delivery of phospholipid molecules from the
HDL3, this extra electron density may be related to accumulated

Fig. 5. Comparison of the HDL3 remodeling process by PLTP and CETP. A) OpNS EM images (left panel) and selected particles (right panel) of CETP incubated with
HDL3 samples after an incubation of 0min, 15min, 40min, 2 h, 8 h and 24 h at 37 °C. B) The OpNS EM images and selected particles of PLTP incubated with HDL3
with the same time series and temperature. C) The statistical analysis of the HDL3 size distribution at each time point. A different peak shift direction can be observed
in the two groups. The molar ratios of HDL3 vs. CETP/PLTP were both set at 1:3. Scale bars: A and B, 50 nm. Box sizes A and B, 37 nm. For 24 h, the box sizes are
28 nm and 55 nm, respectively.
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phospholipid molecules around the surface of the PLTP C-terminus, as
we observed a similarly enlarged PLTP protrusion in the 2D images
(Fig. 2).

Our data suggest that the portion of PLTP that penetrates into the
HDL3 surface represents ∼35% of the molecule, most likely re-
presenting the N-terminus of PLTP. The free end of PLTP seems more
likely to be the globular and curved C-terminus of the PLTP molecule.
These findings suggest that, under physiological conditions, the distal
PLTP N-terminal end penetrates into or through the phospholipid por-
tion of the HDL3 surface. The enlarged, rounded C-terminus may be
associated with the initiation of the lipid transfer activity. Considering
that the thickness of the monolayer of the lipid shell of phospholipids is
∼28 Å, and the inserted portion of the PLTP molecule is markedly
larger (∼50 Å, Fig. 2F), the PLTP N-terminus could reach through the
phospholipid layer and deep into the cholesteryl ester core of HDL3.
PLTP penetrates particles at an angle, which differs for the N- vs. the C-
terminal. Therefore, although the length of PLTP molecule immersed
into the HDL particle is approximately 40-50 Å, the actual depth PLTP
molecule reaches within the particle is shorter. We assume that the
position of the N-terminal pocket requires insertion into HDL at the
specified length and angle for the lipid-binding pocket to become ac-
cessible.

Whether the HDL surface apolipoproteins especially apoA-I are in-
volved in the interaction with PLTP is still unclear. One possibility is
that PLTP directly interacts with the N-terminal of apoA-I HDL [54].
Other evidence showed that increasing the amount of apoA-II, which
displaces apoA-I from HDL particles, decreases PLTP activity, and
hinders the increase in HDL particle size [55, 56]. Another possibility is
that, similar to CETP, the surface lipid mediates the PLTP bound to
lipoprotein and liposome without apoA-I [22], in which smaller size of
HDL particles showed more curvature and more hydrophobicity re-
sulting more binding CETPs. Unfortunately, our approach and resolu-
tion are not able to distinguish these mechanisms.

PLTP can interact with HDL3, LDL, VLDL and PL-liposomes both
separately and simultaneously in binary complexes. However, PLTP has
higher affinity for binding HDL3 than apoB-containing lipoprotein
particles. We presume that PLTP binds to the apoA-I and apoB-con-
taining particles using the N-terminal of PLTP when binding only to a
single lipoprotein species. Whether LDL/VLDL-bound PLTP is released
from the complex in the presence of HDL3 due to the affinity differences
is unclear. More experiments are required to test this possibility, such as
immune-EM experiment to identify the orientation of PLTP binding by
designing antibodies against the distal ends of PLTP N- and C-terminal
β-barrel domains.

Comparing the binding percentages of LDL, VLDL or liposome to
PLTP after introducing HDL3 into the solution, it is clear that the per-
centage of particles bound to PLTP increased (∼16.6%, ∼11.9%, and
∼18.2%, respectively), which implies an allosteric regulation of PLTP
after binding to HDL3. The coexistence of ternary complexes of
HDL3–PLTP–LDL, HDL3–PLTP–VLDL and HDL3–PLTP–liposome is con-
sistent with the mechanistic model of lipid transfer through a tunnel
within the PLTP molecule. However, the low percentage of these
complex particles implies that the interaction might be an in-
stantaneous process or at least not stable. The observation of the
ternary complex does not exclude the coexistence of a shuttle me-
chanism. Other experimental approaches, such as asymmetrical flow
field−flow fractionation (AsFlFFF) showed that part of 35S-labeled
PLTP initially binding with small unilamellar vesicles migrate into HDL
population after 45min incubation [57], These data are in agreement
with a higher likelihood of observing the PLTP-HDL3 binary complex
than the PLTP-LDL/VLDL/liposome binary complex, suggesting that
PLTP molecules generally prefer to attach to the HDL3 surface.

The LDL sample (d=1.006–1.069 g/ml, apoB 64.9 mg/dL) may
include a small fraction of IDL particles and/or VLDL remnants
(1.006 < d < 1.019 g/ml). Considering the LDL were isolated from
healthy individuals with low triglyceride levels, our experience suggests

that< 5% of the β-migration particles would constitute remnants.
Furthermore, based on the particle diameters we did not observe other
distinguishable population of particles by EM (Supplementary Fig. 1D).
However, we cannot exclude the possibility that a small fraction of IDL
interact with PLTP.

3.3. Comparing the HDL3 remodeling dynamics between PLTP and CETP,
generalizing the HDL3 self-remodeling mechanism

PLTP and CETP both belong to a family of lipid transfer proteins.
Here we list the similarities and differences after comparing the current
PLTP study with an earlier CETP study [21, 22]. The similarities in-
clude: i) PLTP and CETP both show a banana-shaped structure; ii) both
PLTP and CETP can insert into the surfaces of HDL3, LDL, VLDL and
liposome by using one distal end of a β-barrel domain, forming a binary
complex; iii) both PLTP and CETP can form a ternary complex between
different classes of lipoproteins (such as HDL3 vs. LDL; HDL3 vs. VLDL
and HDL3 vs. liposome). However, neither PLTP nor CETP can form a
ternary complex within the same class of lipoproteins. The differences
include: i) One of the major known functions of PLTP is to regulate the
HDL3 size and composition [58]. We observed marked differences in the
dynamics and the form of HDL3 modifications by PLTP and CETP. The
comparison experiment of PLTP/CETP-induced HDL3 self-remodeling
showed that the PLTP-induced HDL3 remodeling speed is much slower
in terms of the HDL3 size change compared to CETP (see the detailed
discussion in the next section). In addition, the final product of the
incubation with CETP included two populations of HDL3 particles,
∼6 nm smaller particles and large “spikey” particles, which were not
observed in the incubation with PLTP; ii) Comparing the incubation of
HDL3-PLTP, HDL3-PLTP-LDL, and HDL3-PTLP-VLDL, we noticed that
the HDL3 size change did not show a significant difference with or
without LDL/VLDL (Fig. 4A–C). This suggests that PLTP-mediated HDL3
self-remodeling is the major function of PLTP in remodeling HDL3.
However, in the same experiment CETP showed that the addition of
LDL to an HDL3-CETP mixture can limit the generation of large HDL3
particles (Supplementary Fig. 4), which suggests that CETP-mediated
HDL3 remodeling is more dependent on the lipid transfer between HDL3
and LDL comparing to PLTP; iii) in our studies of CETP [21, 22], we
reported that more than five CETP molecules can bind to a single
plasma HDL2 particle. In contrast, no more than two PLTP molecules
bound to HDL3. It is plausible that the binding of PLTP to HDL3, like
that of CETP, is a result of a hydrophobic interaction between PLTP and
HDL [22]. However, the N-terminus of PLTP is known to interact with
and bind to apoA-I [54], the main apolipoprotein in HDL3 particles. It
is, therefore, possible that protein-protein interactions together with
hydrophobic interactions determine the number of PLTP molecules
bound to HDL3.

3.4. Hypothesized models for the mediation of HDL3 self-remodeling by
CETP and PLTP

Our observations are insufficient to provide a full picture of how
CETP and PLTP coordinate the transport of lipids and transformation
between HDL3 and other types of lipoproteins. However, for a relatively
simple system of HDL3-PLTP/CETP, the above comparisons provide
some useful hints to understand the HDL3 self-remodeling mechanisms
by PLTP/CETP.

Following the previous study of CETP-mediated CE/TG transfer
between HDL3 and LDL [21], two mechanistic models of HDL3 self-
remodeling by CETP and PLTP can be proposed: i) the tunnel model
[29], where PLTP/CETP acts as a bridge between two HDL3 particles,
facilitating the lipid transfer; and ii) the shuttle model [30], in which
PLTP/CETP acts as a vehicle that transfers lipids from one HDL3 particle
to another HDL3 through the aqueous phase. Both models were plau-
sible given the known functions of PLTP/CETP. However, in the tunnel
model, we should observe one PLTP/CETP bridge between two HDLs to
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form a “dumbbell” structure. Unfortunately, the absence of observation
of these ternary complexes while imaging thousands of complexes does
not support the tunnel mechanism. For a shuttle model, the shrinkage of
part of the HDL3 population must be followed by the enlargement of the
remaining population. Though we observed a large variation in the
HDL3 size caused by both PLTP and CETP, almost all the HDL3 particle
sizes were increased by adding PLTP. Moreover, this model is difficult
to explain how PLTP/CETP could directionally transfer lipids among
the same species of HDLs. More than half of the CETP naturally ap-
peared on the surface of HDL3, which is less likely to support the shuttle
model.

Absent of full support for either mechanism forced us to consider of
another possibility. As a small functional unit, the HDL3-PLTP/CETP
complex must interact with other HDLs to generate the observed size
variation. If this interaction is not caused by a PLTP/CETP bridge or
shuttle, then it must be induced by HDL3 itself. Since HDL3 alone does
not show a size variation after a sufficiently long incubation time
(Supplementary Fig. 1C), the HDL3 variation in the presence of PLTP/
CETP must be caused by PLTP/CETP mechanisms. These detailed me-
chanisms about how PLTP/CETP remodeled the HDL3 size were un-
known. To study these mechanisms, we carefully examined the images.
In addition to the above observations that large particles bound to
many CETPs but rarely bound to PLTP, and that small globular particles
(likely the small particles) appeared in the background of the CETP-
HDL3 samples but rod-shaped particles (likely PLTP particles) appeared
in the background of the PLTP-HDL3 samples, we also unexpectedly
found a “triangular-shaped” interaction conformation in many com-
plexes of CETP-HDL3, especially in the initial stage of incubation
(Fig. 6A). These “triangular-shaped” interactions did not clearly appear
in the complexes of PLTP-HDL3. In contrast, large HDL3 surfaces were
relatively smooth in the presence of PLTP. However, a small bulb was
found in the far distal end of PLTP in many PLTP-HDL3 complexes
(Fig. 6B), which was not clearly seen in the CETP-HDL3 complexes.
These differences may reflect different mechanisms for PLTP and CETP.

We hypothesize that the HDL3 remodeling mechanism of CETP
mainly involves the transfer of lipids from the HDL3 core to the HDL3
surface through the central lipid pore to the concave surface of CETP,
which leads to the formation of a triangle shape (Fig. 6C, first two
rows). When more CETP particles insert into the HDL3 surface, more
imperfections may appear on the outer phospholipid surface of HDL3,
causing more hydrophobic interactions and a greater opportunity to
fuse with other HDL3-CETP complexes to form large particles. The
number of CETP on the large HDL surface shall keep increasing as more
HDL3-CETP complexes are incorporated. However, the balancing pro-
cess of the HDL3 surface pressure may result in apolipoprotein se-
paration from the merged HDL3 (Fig. 6C, last two rows). In comparison
to CETP, PLTP has a lower binding number to HDLs, resulting in the
presence of more PLTP in the sample background (Fig. 6D, last two
rows). We hypothesize that the PLTP mechanism of HDL3 remodeling
mainly involves the transfer of phospholipids from the HDL3 surface to
the distal end of PLTP (Fig. 6D, first two rows). The transfer of lipids to
the outside of HDL3 by PLTP would also cause the exposure of more
hydrophobic components, destabilizing the original HDL3 structure.
The merging of several HDL3-PLTP complexes may cause the release of
the bound PLTP molecules. The HDL3 remodeling also includes the
release of surface apoA-I-PL pre-β molecular complexes from the HDL3
particles and ensuing further fusion of the remaining apoA-I deficient
HDL3 particles [48].

As a result, the HDL3 particle transformation step induced by the
bound PLTP/CETP may be the prerequisite for the initiation of HDL3
particle merging [22, 59]. This explains why the HDL3 size exhibits
almost no change within the first 40min for PLTP and 15min for CETP
(Fig. 5). The capture of the intermediate stage of PLTP/CETP-mediated
destabilization of the HDL3 particle provides direct evidence to support
the proposed particle merging model for HDL3 self-remodeling.

In summary, the EM 3D structure of PLTP supports the homology

model of PLTP. PLTP has a similar interaction with HDL and LDL to that
of CETP. However, the PLTP activity in HDL remodeling is slower than
that of CETP and occurs via a different mechanism. The EM images of
the interaction of PLTP with lipoproteins provide the first picture for
understanding PLTP-mediated lipid transfer, relevant for treating dys-
lipidemia.

4. Methods

4.1. Synthesis and isolation of PLTP and lipoprotein

PLTP (∼1.625mg/ml) was isolated using the previously reported
procedure [60, 61]. Briefly, a PLTP His-tagged construct was expressed
in mammalian cells, isolated from the concentrated conditioned media,
purified, and stored at −80 °C until use. The purity of the isolated PLTP
was evaluated by mass spectrometry, and no significant contaminants
or other proteins were found in the isolated material. Wild-type plasma
HDL3 was isolated from fresh human plasma using ultracentrifugation
as previously described [62]. It contained 4.28mg/ml protein,
2.39mg/ml CE and 1.03mg/ml TG. LDL (d=1.006–1.069 g/ml, apoB
64.9 mg/dL) and VLDL (d < 1.006 g/ml, apoB 24.5mg/dL) were iso-
lated in the Krauss laboratory by sequential flotation of plasma from
fasted, healthy male volunteers and further purified by ultra-
centrifugation [63]. Liposome vesicle samples were produced by En-
capsula NanoSciences (Brentwood, TN). The sample contained 1mg/ml
1-Palmitoyl-2-oleoylphosphatidylcholine (POPC, from Avanti Polar li-
pids) with a peak vesicle size of ∼50 nm in a buffer containing 20mM
Tris-Cl, 154mM NaCl, at pH 7.4.

4.2. EM specimen preparation by the optimized NS (OpNS)

Conventional cryo-EM is often used for protein structural studies
under physiological conditions since it avoids the potential artifacts
induced by fixatives and stains [37]. Still, cryo-EM studies of PLTP are
challenging; small molecules (< 150 kDa) are difficult to image or re-
construct using the cryo-EM single-particle approach because of low
contrast [64]. Thus, we studied human PLTP using the OpNS protocol
[34, 37]. Our OpNS protocol, refined from the conventional negative-
staining protocol, eliminates rouleaux artifacts of lipoprotein particles
and has been statistically validated as a way to determine lipoprotein
particle shapes and sizes [34, 37].

Both the PLTP and PLTP-lipoprotein/liposome complex samples
were prepared with the optimized NS protocol (OpNS) [37]. The PLTP
was either directly diluted 1000 times (final concentration 1.625 μg/
ml) with Dulbecco's phosphate-buffered saline (DPBS: 2.7mM KCl,
1.46mM KH2PO4, 136.9mM NaCl, and 8.1 mM Na2HPO4; Invitrogen)
buffer for PLTP Single Particle and IPET 3D reconstruction or co-in-
cubated with HDL3 at a molar ratio of 3:1 for PLTP-HDL3 complex 3D
reconstruction. LDL, VLDL and liposome were also co-incubated with
PLTP and HDL3 at molar ratios of 9:3:1 (PLTP:HDL3:LDL/VLDL/lipo-
some) with their original buffer at 37 °C for studying the PLTP-mediated
lipid transfer activity among lipoproteins/liposome. To examine com-
plexes at different time intervals, samples from the original incubation
solution were fast fixed at 0min, 15 min, 40min, 2 h, 8 h, and 24 h on a
carbon grid following the OpNS protocol. In brief, an aliquot (∼3 μl)
was placed on a thin‑carbon-coated 200mesh copper grid (Cu-200CN,
Pacific Grid-Tech, San Francisco, CA) that had been glow-discharged.
After ∼1min, the excess solution was blotted with filter paper, fol-
lowed by a procedure of washing and staining as described [34, 37].
Three drops of 1% (w/v) uranyl formate (UF) negative stain on parafilm
were then applied successively before being nitrogen-air-dried at room
temperature. Since the UF solutions are light sensitive and unstable,
this operation was performed in the dark [34, 37].
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4.3. Electron microscopy data acquisition and image pre-processing

The OpNS micrographs were acquired at room temperature under a
defocus of ∼0.6 um on a Gatan UltraScan 4 K×4 K CCD equipped on a
Zeiss Libra 120 Plus transmission electron microscope (Carl Zeiss NTS
GmbH, Oberkochen, Germany). TEM was operated under a high-ten-
sion of 120 kV, energy filtering of 20 eV and 4 magnification range of
31.5 K to 80 K, in which each pixel of the micrographs corresponded to
3.68 to 1.48 Å, respectively. A total of ∼230 micrographs were col-
lected for the single particle reconstruction for the PLTP and PLTP-
HDL3 complex and ∼10 micrographs were collected from each sample
condition for the HDL-PLTP-LDL/VLDL/liposome incubation. The de-
focus of each micrograph was determined by fitting the contrast
transfer function (CTF) parameters with its power spectrum using
ctffind3 in the FREALIGN software package [65]. The phase of each
micrograph was corrected by a Wiener filter with the SPIDER software
package [66]. Approximately 200–500 particles from each ternary
mixture sample at different time points were windowed and selected by

the boxer software in the EMAN software package [43]. These particles
are submitted for Gaussian low-pass filtering before statistical analysis.

4.4. Electron tomography data collection and image pre-processing

Electron tomography (ET) data of the PLTP and PLTP-HDL3 speci-
mens were acquired under a<2 μm defocus with a high-sensitivity
4096×4096 pixel Gatan Ultrascan CCD camera at 80,000× magnifi-
cation and with the same Zeiss Libra 120 TEM (each pixel of the mi-
crograph corresponds to 1.48 Å). The specimens mounted on a Gatan
626 high-tilt room-temperature holder were tilted at angles ranging
from −60° to 60° in steps of 2° for the PLTP specimen and −62° to 67°
in steps of 1.5° for the PLTP-HDL3 specimen. The total illumination
electron dose was ∼200 e−/Å2. The tilt series of tomographic data
were controlled and imaged by manual operation with the Gatan to-
mography software (Zeiss Libra 120 TEM) and automated tomography
software preinstalled in the microscopes [67]. Collected micrographs
were initially aligned together following the procedure of the IMOD

Fig. 6. Hypothesized mechanism of PLTP/CETP-mediated HDL3 self-remodeling A) Selected particle views of CETP-bound HDL3 showed a “triangular” shaped
complex at the initial stage of CETP-HDL3 incubation. B) Selected particle views of PLTP-bound HDL3 showed an “enlarged free tapper end” of PLTP at the initial
stage of PLTP-HDL3 incubation. The yellow dashed circle and triangle mark out the free terminal end of PLTP and the CETP-HDL3 complex, respectively. C and D)
Hypothesized mechanism of CETP- and PLTP-mediated HDL3 self-remodeling. Selected particles of the HDL3-CETP/PLTP complexes shown in the left panel.
Schematic of PLTP remodeling of HDL3 through three stages: i) the formation of an unstable HDL3-CETP/PLTP complex, ii) HDL3-CETP/PLTP complex merging and
iii) re-stabilizing, which results in different appearances of enlarged HDL3 due to the amount of lipid transfer protein binding. CETP, PLTP, phospholipid, neutral
lipids and ApoA-I molecules are displayed in magenta, green, white, pink and black, respectively. Box size: A and B, 37 nm; C and D, 62 nm.
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software package [68]. The tilt series of each particle image in windows
of 220×220 pixels (PLTP) and 256× 256 pixels (PLTP-HDL3) were
semi-automatically tracked and selected by the IPET software. The
defocus of the small particle image area of each tilt micrograph was
examined by fitting the CTF parameters with its power spectrum by
ctffind3 in the FREALIGN software package [69]. The CTF was then
corrected by TOMOCTF [70].

4.5. Individual particle electron tomography (IPET) 3D reconstruction

The 3D density maps of an individual PLTP and PLTP-HDL3 complex
were reconstructed by the IPET method [42]. In brief, a small image
area containing only a single PLTP particle and PLTP-HDL3 complex
particle were windowed from each tilted whole-micrograph after CTF
correction. An ab-initio model was generated by directly back-pro-
jecting these small images into a 3D map. The map was then refined via
three rounds of refinement loops (including more than a hundred
iterations) by the focused electron tomography reconstruction (FETR)
algorithm [42]. In FETR, an automatically generated dynamic Gaussian
low-pass filter and an automatically generated soft-mask were applied
to both the references and tilted images to achieve the final 3D re-
construction. To analyze tomographic 3D reconstructions, the center-
refined raw ET images were split into two groups based on having an
odd- or even-numbered index in the order of tilt angles [42]. The fre-
quency at which the intra-FSC curve falls to a value of 0.5 showed that
the resolutions of the reconstruction density maps of the PLTP and
PLTP-HDL3 particles are in the range of ∼19–27 Å. A 3D IPET density
map from the IPET reconstruction was low pass filtered to 80 Å, which
prepared for the initial model for single particle reconstruction.

4.6. Single particle 3D reconstruction of PLTP and PLTP-HDL3 particles

Approximately 7000 isolated PLTP particles and ∼5000 HDL3-PLTP
complexes (from an initial pool of ∼32,000 particles) were extracted
from the micrographs by using a window of 196× 196 and
256×256 pixel images, respectively, using the e2boxer.py program in
EMAN2 [71]. The CTF-corrected images of the particles were submitted
for reference-free class averaging and approximately 300 class averages
were generated for both the PLTP and the PLTP-HDL3 complex using
refind2d.py in EMAN [43]. To prevent bias from a given initial model
for single particle 3D reconstruction, the IPET 3D reconstructions of the
PLTP and the PLTP-HDL3 complex was filtered to 80 Å and then used as
the initial models. According to the 0.5 Fourier shell correlation cri-
terion [72], the final resolutions of the asymmetric reconstructions of
the PLTP and the PLTP-HDL3 complex were 19 Å and 23 Å, respectively.
The contour level of the 81 kDa PLTP was estimated from the average
density of protein of 1.22 g cm−3 [73].

4.7. Statistical analyses of PLTP binding to lipoprotein particles

To harvest a sufficient number of isolated lipoprotein/PLTP parti-
cles for statistical analysis, 4–5 images (containing 300–500 particles)
were collected from each sample at a given time mentioned above. For
the statistic of the percentage of HDL3 binding to PLTPs, the number of
bound PLTPs was counted by accumulating the number of observed
rod-shaped protrusions on the edge of the sphere. This number could be
slightly different by including the undetectable CETPs that were located
behind or in front of the lipoprotein particles. As we previously calcu-
lated [22], the probability (P ) (i.e., the ratio of the PLTP visible area vs.

the overall sphere area) is P = ⎡⎣ ⎤⎦
−

+( )cos sin d
d l

1
2 , where d is the lipo-

protein diameter and l is the PLTP protrusion length. Since the sizes of
HDLs were small, this correction was not significant. The particle dia-
meter and the PLTP protrusion width and length were determined by
measuring the diameters in two orthogonal directions, as previously
described [22]. In brief, the geometric mean of the two perpendicular

diameters was used to represent the particle diameter and the PLTP
protrusion geometry.
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