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ARTICLE INFO ABSTRACT

Keywords: Low-density lipoprotein (LDL) plays a crucial role in cholesterol metabolism. Responsible for cholesterol
Low density lipoprotein transport from the liver to the organs, LDL accumulation in the arteries is a primary cause of cardiovascular
LDL

diseases, such as atherosclerosis. This work focuses on the fundamental question of the LDL molecular structure,
as well as the topology and molecular motions of apolipoprotein B-100 (apo B-100), which is addressed by single-
Cryo-electron microscopy particle cryo-electron microscopy (cryo-EM) and high-speed atomic force microscopy (HS-AFM). Our results
High speed atomic force microscopy suggest a revised model of the LDL core organization with respect to the cholesterol ester (CE) arrangement. In
Flexibility addition, a high-density region close to the flattened poles could be identified, likely enriched in free cholesterol.
The most remarkable new details are two protrusions on the LDL surface, attributed to the protein apo B-100. HS-
AFM adds the dimension of time and reveals for the first time a highly dynamic direct description of LDL, where
we could follow large domain fluctuations of the protrusions in real time. To tackle the inherent flexibility and
heterogeneity of LDL, the cryo-EM maps are further assessed by 3D variability analysis. Our study gives a
detailed explanation how to approach the intrinsic flexibility of a complex system comprising lipids and protein.

Apolipoprotein B-100
Apo B-100

as cholesterol in its free and esterified form, as well as triglycerides
[3,4].

It was recognized that a high concentration of LDL in the plasma is a
risk factor in cardiovascular diseases [5-9]. Indeed, the onset of many
cardiovascular diseases, like atherosclerosis, is marked by a steady
accumulation of LDL in the arterial walls [10]. Often, modified forms of
LDL, like triglyceride-rich or oxidatively modified LDL, are involved in
this process [11-16]. Nevertheless, the molecular properties of LDL,

1. Introduction

Low-Density Lipoprotein (LDL) acts as the main cholesterol trans-
porter in blood circulation. LDL's hydrophilic shell is composed of a
phospholipid monolayer and a single amphipathic apolipoprotein B-100
(apo B-100) molecule, with a molecular mass of about 550 kDa [1,2]. In
its core, LDL encompasses various types of hydrophobic elements, such
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Abbreviations

apo B-100 apolipoprotein B-100

CE cholesterol ester

cryo-EM cryo-electron microscopy

CTF contrast transfer function

FSC Fourier Shell Correlation

HS-AFM high-speed atomic force microscopy
LDL low density lipoprotein

MSD mean square displacement

SANS small angle neutron scattering

VLDL very low density lipoprotein

which are inherently related to its binding properties and cellular
recognition, still contain open questions, such as the precise molecular
structures of LDL and apo B-100. LDL's structural features have been
studied since the 70s using cutting-edge techniques like small-angle X-
ray or neutron scattering [17-26], X-ray crystallography [27,28],
incoherent neutron scattering [29-31], or electron microscopy [32-41].
Cryo-EM offers the advantage of directly imaging close to native, vitri-
fied LDL particles, though the 3D reconstruction and interpretation of
cryo-EM maps remains challenging. One obstacle is that LDL is a com-
plex assembly of lipids and protein. Both of them have similar electron
cross-sections, resulting in hardly distinguishable electron densities
[17]. Slight differences reside in the denser rings of cholesterol in its free
or esterified forms (around 0.42 e /nm®) and in the phospholipids'
headgroups which have slightly stronger densities (about 0.40-0.45 e~/
nm3) than their acyl chains (0.29 e’/nm3) [17]. These visual differ-
ences, seen in an early cryo-EM map of LDL [35], led to a paradigm shift
in the understanding of the core organization. Instead of a radial dis-
tribution of cholesterol esters (CE) in the core [42,43], the prevailing
model is now a lamellar arrangement of CE molecules below the lipo-
protein's core lipid transition. More precisely, LDL undergoes a fully
reversible temperature-induced transition from a liquid-crystalline to a
liquid disordered state of the core lipids. Depending on the CE to tri-
glyceride ratio, the transition temperature ranges from 19 to 32 °C [44].
At temperatures below this phase transition, CE packing results in planar
layers, seen as characteristic striations in cryo-EM images. Above the
phase transition, the core shows an anisotropic distribution of CE mol-
ecules. An approach to capture the core organization above the phase
transition temperature by cryo-EM resulted in a low-resolution map that
indeed lacked the characteristic CE planes due to a disordered lipid
packing combined with increased lipid flexibility and mobility [38].
The molecular structure of apo B-100 is still a matter of intense
research. Its secondary structure is commonly described by a computa-
tionally derived “pentapartite” model, where the protein is divided into
five consecutive domains: NHa-Bot3-f1-0t2-B2-03-COOH [45,46], with «
(a-helices) or p (p-sheets) being the major conformational motifs.
Mapping the individual domains onto the LDL particle was approached
by several groups computationally [47] or with cryo-EM [37,38,40,41].
For example, LDL was imaged in complex with a part of its receptor
(LDLr), from which the location for the possible receptor-binding site on
LDL was proposed [37]. Labelling of apo B-100 with gold nanoparticles
[40] or selective labelling of individual domains with monoclonal an-
tibodies [32,39,41] revealed the rough topology of apo B-100 on the LDL
surface. There is a wide consensus that apo B-100 wraps around the LDL
surface like a belt and that the NHy; and COOH termini are in close
proximity. The pa; domain (i.e. the first 1000 amino acids of the N-
terminal region) is structurally well described due to its homology to
lipovitellin [48,49]. Within this region, the first 5.9 % of the N-terminal
domain extend as a f-barrel protrusion [40,41]. In physiology, the oy
domain plays an important role in the process of lipoprotein assembly
and secretion [50,51]. Concurrently with apo B-100 mRNA translation,
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lipoprotein assembly starts at the ER membrane. The poy; domain
directly interacts with lipids and serves as first contact site where lipids
are directed to. In addition, the pa; domain interacts with the chaperone
microsomal triglyceride transfer protein (MTP), which also has homol-
ogy to lipovitellin. The B-barrel of apo B-100 is a docking site for MTP
where a triangular pocket is formed that enhances lipid transfer and thus
the chaperone shuffles a greater number of lipids towards apo B-100.
The whole initiation process of lipoprotein assembly critically depends
on proper folding of the apo B-100 N-terminal domain, lipid availability
and MTP [50,51].

Since pioneering cryo-EM studies on LDL in the 90s [34,35] and the
latest approaches in 2011 [37,38,40,41], the cryo-EM technique has
gone through considerable improvements, especially concerning the
detectors and algorithms for image processing, reaching in some cases
atomic resolution [52-54]. During the last few years, many membrane
proteins have been investigated by cryo-EM, as reviewed in [55-57],
and more often also in presence of a lipid bilayer, whether it be from
nanodiscs [58,59] or liposomes [60]. Nevertheless, it is important to
keep in mind that a cryo-EM model is a static representation of a
biomolecule that is naturally in motion. Thus, every model represents an
average of different molecular conformations, captured in a single
snapshot. In cryo-EM it is challenging to resolve features of flexible
domains that are typically blurred or lost. In practice, structural flexi-
bility is addressed by large dataset processing, and by using current al-
gorithms of classification or variability estimation (like CryoSparc 3DVA
or CryoDRGN [61,62]).

In contrast to cryo-EM, high-speed atomic force microscopy (HS-
AFM) offers the possibility to directly capture the motions of a
biomolecule with nanometer spatial resolution and millisecond tempo-
ral precision [63]. LDL has been the target of classical AFM-studies,
mostly by assessing its size [64,65] or its biomechanical properties
[66,67]. However, the intrinsic dynamics of LDL has never been recor-
ded and visualized by HS-AFM before.

In this study we combined both techniques, cryo-EM and HS-AFM.
We addressed the fundamental question of the structure and inner or-
ganization of LDL particles, and simultaneously set a focus on its
intrinsic flexibility. By cryo-EM, we could identify regions that appeared
highly conserved and others that showed large flexibility. By HS-AFM
we were able to directly observe movements of individual protein do-
mains on a millisecond timescale. Evident by both techniques, we could
identify several protrusions of the protein on the LDL surface, where
only one protrusion has been reported before [40,41]. Though poorly
resolved in the cryo-EM model, the protrusions and their associated
dynamics were well described by HS-AFM. In contrast, the lipid core was
exceptionally well resolved by cryo-EM, which gave rise to a revised
model of the CE organization.

2. Results

We examined a highly homogeneous subfraction of LDL (p = 1.0286
+ 0.004 g/cm®) using cryo-EM. A total of ~15 k micrographs was
collected and processed using Relion and cryoSPARC. In several rounds
of 2D classification ~700 k LDL particles were extracted (see Methods
and Fig. S1) and 2D class averages of particles with distinctive structural
features (top view, layered side view, protrusions) were selected and
processed to obtain a 3D consensus map at a resolution of 9 A (FSC 0.143
criteria). Fig. 1 shows an example of a raw micrograph (Fig. 1A) and a
selection of the most representative 2D classes (Fig. 1B-D).

Fig. 2 shows the LDL cryo-EM consensus map. Overall, the LDL
model exhibits dimensions of 16 nm in height and ~ 22 nm in diameter.
Its opposite flat surfaces are designated as the poles, or “top” and
“bottom” of the LDL. When viewed from the front, it presents a rounded
rectangular shape, similar to earlier cryo-EM maps [37-41]. Evident is a
layered organization of the LDL core, which is an effect of CE molecule
arrangement in their crystalline phase below LDLs phase transition
temperature [24,25,39]. The individual layers are separated by about
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A

Fig. 1. LDL cryo-EM. A: Example of a cryo-EM collected micrograph. The blue box highlights a typical LDL particle viewed from the top, the green box shows an
example of a side view. Scale bar: 20 nm. B-E: Examples of 2D classes of LDL particles processed in cryoSPARC (400 x 400 pixels box). The arrows highlight visible
protrusions. Scale bar: 20 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Cross-section through the LDL cryo-EM consensus map. A: Unsharpened cryoSPARC map, indicating the internal organization and regions of interest of LDL.
The map was coloured according to the density map values using UCSF ChimeraX [68,69]. B: The sharpened map enhances distinct structural features (see arrows).
The three sets of parallel red arrows highlight a substructured arrangement of the three CE layer planes. The yellow arrows close to the poles highlight two electron-
dense regions that we assign to an area where preferentially free cholesterol molecules accumulate. C: Three models are proposed how CE molecules might arrange
within the characteristic substructured layers. Model 4 highlights the coordination of free cholesterol with a phospholipid. The sterol rings of cholesterol are expected
to give the highest contrast and thus being responsible for the high densities within the CE layers in models 1-3. The models are based on information on the crystal
structures of isolated systems of the most prevailing CEs in LDL, additionally taking into account geometric considerations. Model 1 and 2 are based on the
interdigitated bilayer arrangement of cholesterol-palmitate [70,71], model 3 is based on the monolayer type II crystal system of cholesteryl-oleate [70]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.7 nm (see Fig. 2A), which is consistent with the 3.6 nm periodic processed map shown in Fig. 2B - are the fine substructures within the
spacing previously measured and estimated with SAXS [19,24,25] or three CE planes. Our map reveals that each plane can be roughly divided
cryo-EM [37,39,40]. What is new - and even more apparent in the post- into two planes of higher density (indicated by two red arrows in
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Fig. 2B), intermitted by a region with lower density. Until now, the CE
planes were presented only with a homogeneous density distribution
[37]. We see for the first time that - within the two layers of one CE plane
- also microdomains of higher density can be distinguished. We attribute
this higher density to the sterol rings of CE molecules, which are ~1 nm
in size.

We posed ourselves the question how the CE molecules might be
organized in the light of these new findings. The predominant CE-species
in LDL is cholesteryl linoleate (linoleic acid, C18:2) making up ~55 % of
the CEs, followed by cholesteryl oleate (oleic acid, C18:1) with ~17 %,
and cholesteryl palmitate (palmitic acid, C16:0) with ~16 % [72]. As
depicted in Fig. 3, in isolated systems cholesteryl-palmitate self-assem-
bles into bilayers, where the acyl chains are interdigitated [70,71].
Cholesteryl-oleate forms monolayer type II crystals, with a tight anti-
parallel packing of the sterol rings [70]. Cholesteryl-linoleate has no
reported crystal structure, probably because of its double unsaturation
[70]. Based on this information and geometric considerations (taking
into account the volume of CE molecules and the available space to
occupy), we here propose 3 models how CE molecules within the core
might be arranged. Two models take the cholesteryl-palmitate bilayer
arrangement as reference, one with a strong interdigitation of the
cholesterol head (i.e. the sterol rings and the cholesterol hydrocarbon
tail, Fig. 2C @), one without cholesterol head interdigitation (Fig. 2C
@). The CE acyl chains are in all cases interdigitated, given the limited
space of the 1.7 nm low density regions, where we expect the CE acyl
chains to prevail. The third model is based on a monolayer arrangement
as seen for cholesteryl-oleate, with strong antiparallel packing of the
sterol rings (Fig. 2C ®). Respecting the fact that the majority of CE
molecules is cholesteryl-linoleate, and that we must not neglect the
presence of free cholesterol and triacylglycerol in the core, a combina-
tion of all models seems very likely. This might be best described by a
raft-like/domain-like arrangement, where CE molecules of the same
species form local clusters. The fact that we observe patches of denser
and less dense regions within one CE plane corroborates this notion.

A high-density region can be found close to the two poles (indicated
by yellow arrows in Fig. 2A and B). The poles are supposed to contain
predominantly phospholipids, being an area relatively free of protein.
Phospholipids are well known to interact with cholesterol, with a
hydrogen bond (~ 0.18-0.34 nm) between the oxygen of the cholesterol
hydroxyl group and the lipid ester oxygen or the lipid phosphate oxygen
[74,75]. Due to this typical coordination, the cholesterol molecule is
shifted towards the phospholipid tail region [74] (see Fig. 2C @). It was
already suggested that 2/3 of the total free cholesterol concentrates
within the shell [3,4], a finding that was also supported by MD simu-
lations [76]. Thus, we presume that the majority of free cholesterol
(with its sterol rings of ~1 nm and a considerably higher electron

Cholesteryl
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density than phospholipids) preferentially accumulates exactly within
this high-density layer close to the poles (see Fig. 2C @®).

The most striking new detail within the shell in the cryo-EM map of
LDL is the presence of two protrusions, one of which has never been
observed before (Fig. 4), and discontinuities in the shell lipid densities
(see Fig. S2). We termed the two protrusions arbitrarily “front” and
“side” protrusion, with respect to their localization on the LDL particle.
In many 2D classes either one or both protrusions are visible (see arrows
in Fig. 1B-E). The “front” protrusion is quite prominent and was already
assessed by some of the previous cryo-EM studies [37-41]. This pro-
trusion is commonly associated with the globular NHy-po; domain of the
apo B-100 protein, and there with the first ~270 amino acids [41]. On
the contrary, the second protrusion is described here for the first time.
The reason why we were able to see this second protrusion is most likely
a combination of several factors: the technical advances towards better
microscopes together with better alignment procedures and software,
and most importantly a larger data collection that boosts up the occur-
rence of LDL particles with the protrusion.

Successive 3D classifications resulted in three different maps, which
are depicted in Fig. 4. In all three classes, the global shape remains
similar, but slight differences are concentrated on the regions of the
protrusions and are manifest in the presence of either one (the “front”
(F) or “side” (S)), or both (SF) protrusions. An in-depth characterization
was done with the SF map, showing both protrusions (Fig. 5). The
“front” protrusion (Fig. 5, plain ellipse) is characterized by three vertical
lines, each one with a length between 2 nm and 3.5 nm (as seen in the
inset of Fig. 5B). From the left view (Fig. 5A), the “front” protrusion has
a triangular shape, with a base of about 4.5 nm and a height of around
2.4 nm. In contrast, the “side” protrusion (Fig. 5, dashed ellipse) is less
globular in its shape: as highlighted in Fig. 5A and B, the extra densities
are aligned along a vertical line, estimated to be around 9 nm. From the
top, this protrusion appears much thinner, extending only ~2 nm from
the LDL surface. The “side” protrusion is about 13 nm apart from the
“front” protrusion, as depicted in Fig. 5A by the red arrow.

The presence of protrusions is also clearly visible in high-speed
atomic force microscopy (HS-AFM) recordings. Analysis of the HS-
AFM dataset suggests that zero to three protrusions emerge from each
LDL particle (Fig. 6). From N = 21 LDL particles observed, 33.3 %
showed no (visible) protrusion, 33.3 % one protrusion, 14.3 % two
protrusions and 19 % three protrusions. The LDL particle seems to take a
preferential orientation on the mica, with its flattened poles parallel to
the mica surface. Topographical analysis suggests this orientation
(Fig. S3), since we reproducibly measured heights of 14.0-17.1 nm,
which correspond well to a pole-to-pole distance of ~16 nm in the cryo-
EM map. Also, the measured LDLs total diameter of 20.6-25.0 nm is well
in accordance with the consensus of a typical LDL diameter with a size

Fig. 3. CE arrangement. The most prevailing

Cholesteryl
oleate
(c18:1)

CEs in LDL [72] are shown, together with their
crystal structures in isolated systems [70,71].
Cholesteryl-linoleate is most abundant (55 %)
but does not form crystals as isolated CE species.
Cholesteryl-oleate accounts for ~17 % of all CEs
in LDL and forms a monolayer type II crystal

structure when being isolated. Cholesteryl-
palmitate accounts for ~16 % and forms an
interdigitated bilayer. The structures served as
basis for understanding the CE arrangement in
the LDL core. The molecular structures of the
individual CEs were accessed from PubChem
[73]1(Compound CIDs: 246520, 5287939,
5283632).

Monolayer type Il
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Fig. 4. Final 3D classes in cryoSPARC. The top view of the LDL map is shown, as well as two horizontal cuts, the first one through a CE layer plane, the second one
below a CE layer plane. A: Map S highlights the “side” protrusion, populated with 150 k particles. B: Map F shows the “front” protrusion, with 272 k particles. C: Map
SF shows the “side” and the “front” protrusion, with 258 k particles. Scale bar: 10 nm. 3D map images were produced with UCSF ChimeraX [68,69].

A: Left B: Front

10 nm

0.01 0.10 0.20 0.30
Density value

range around 18-25 nm, and an average particle diameter of ~22 nm
[2]. Only LDL with three protrusions seems to mark an exception: these
particles show a significantly smaller size of the core particle (i.e. only
the quasi-spherical shaped part), compared to LDL with zero, one or two
protrusions. The statistical analysis of the LDL dimensions is summa-
rized in Table 1 and shown in Fig. S3. Considering that the geometry of
the AFM-tip causes broadening in the scanning direction [77], all AFM-
derived sizes were corrected assuming an AFM-tip-size of 2 nm.

A closer look into the individual protrusions suggests an averaged (N
= 26) and tip effect corrected length of 10.2 + 3.1 nm and a width of 5.1

Fig. 5. Protrusion characterization in the
cryo-EM map. LDL shows two character-
istic protrusions. The 3D map of LDL
derived from cryoSPARC, with different
views shown in the first row and the cor-
responding middle cut through the LDL
particle in the second row. A: Left view. B:
Front view, with an inset zooming on the
front protrusion. C: Top view. The plain
ellipse circles the “front” protrusion, and
the dashed circle the “side” protrusion.
Maps are coloured according to the density
value, whose legend is shown below. Scale
bar: 10 nm. 3D map images were produced
with UCSF ChimeraX [68,69].

C:.Top

+ 2.6 nm, where the protrusion length is measured along the pro-
trusion's long axis and the width along its short axis (see Fig. S4 in the
Supporting Material); cryo-EM-derived measurements of the area cor-
responding to the front protrusion suggest slightly smaller dimensions of
~8nm x 2.2 nm. However, the dimension of the protrusions can only be
considered as a rough estimate, since they move rapidly. Indeed, by
tracking the mobility of the individual protrusions in HS-AFM re-
cordings, we depicted the range of their motions (see movies S1 and S2
in the Supporting Material). The analysed protrusions (N = 6) cover an
area in the range of ~13-182 nm? within an imaging time of 30 s
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Fig. 6. HS-AFM recordings of LDL with different protrusion numbers. The characteristic quasi-spherical particles viewed from the top show either no visible pro-
trusion (A), one (B and movie S3), two (C and movie S4) or three (D and movies S1 and S2) highly flexible protrusions. The protrusions are marked by circles, the
scale bar corresponds to 25 nm, the z scale corresponds to 15 nm (A), 20 nm (B), 23 nm (C) and 10 nm (D).

Table 1
Tip effect corrected HS-AFM derived LDL dimensions with respect to the number
of protrusions.

Number of Occurrence (%)  LDLdiameter (nm)  LDL height (nm)
protrusions
0 33.3 25.0 + 3.7 140+ 1.4
1 33.3 249 + 4.3 149+ 1.8
2 14.3 20.6 £ 1.5 17.1 £ 0.7
3 19.0 17.6 £ 0.3 10.7 +£ 2.2
N =21.

(movies S1 and S2 in the Supporting Material). Fig. 7 and Fig. S5 show
two selected LDL particles, each comprising three protrusions, and
display the paths these three protrusions cover over time. In addition, an
extraction of different conformations is shown in Fig. 8, again high-
lighting the variability in different conformations.

We attribute the motions observed by HS-AFM to domain fluctua-
tions of apo B-100. Although we cannot directly link the individual
protrusions to specific protein domains of apo B-100, our results are very
well in line with the current consensus model of apo B-100. This
computationally-derived model suggests 5 consecutive protein domains
(NH-poap-p1-0ia-Bo-03-COOH) that are connected by flexible linker re-
gions, which favour motions relative to each other [21,46]. Parts of the
protein are closely associated with the core region and are thus buried
within the lipoprotein particle, whereas others are exposed to the sur-
face, giving rise to higher flexibility. Taken together, HS-AFM gives a
quite mobile picture of LDL — which emphasizes the need for further
exploring LDL's conformational dynamics.

A means to access the flexible features of LDL with cryo-EM is

variability analysis. By using 3DVA (cryoSPARC) and cryoDRGN, vari-
ability analyses were performed - the results of which are shown in
Figs. 9 and 10. Both variability analyses point out considerable varia-
tions of the LDL shell, compared to a quite constant internal organiza-
tion. Differences were mainly observed in the protrusion regions:
presence or absence of the protrusions, extension from the LDL surface,
or even partly disrupted structures from the shell. Nevertheless, the
main limitations of both approaches are the need for a good estimation
of the Euler angles as a starting point, and a 3D reference map that
already presents secondary structure elements, which were so far
impossible to obtain, due to the intrinsic LDL dynamics. Thus, the
interpretation of the results must be taken with great care, but in gen-
eral, they corroborate the 3D classification and HS-AFM results. The
observed variations concentrated in the outer shell support the hy-
pothesis of a great flexibility of the apo B-100 protein embedded in the
LDL surface layer.

3. Discussion

There are two main sources that classify LDL as a challenging sample
for structural analysis: sample heterogeneity and molecular motions
within the particle. We aimed to overcome the intrinsic heterogeneity of
LDL by a very restrictive sample preparation procedure, investigating
only a highly purified density subfraction of LDL (p = 1.0286 + 0.004 g/
cm®). The exploration of molecular motions is still a challenge, and
direct observation methods are scarce. It is certainly clear that we need
to revise the static picture we have of many biomacromolecules. Nature
is dynamic and the proteins inherent motions are equally linked to its
function [78,79] as to its molecular structure. First hints of LDL's
intrinsic flexibility can be derived from the comparison of our 3D map
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Fig. 7. Protrusion mobility tracking of an LDL particle showing three protrusions. The movie was recorded over 30 s. Scale bar: 25 nm, the z scale corresponds to 10

nm. Scanning speed: 239.59 ms/frame.

with an ab initio SANS model from [25], which is shown in Fig. S6
(Supporting Material). Despite similar shapes, the 3D model derived
from the cryo-EM map is smaller than the SANS model, with up to 3 nm
discrepancy. This difference is mostly explained by sample heteroge-
neity. For cryo-EM, a specific subfraction was used, whereas SANS
studies were carried out on a lipoprotein fraction with a broader density
range (comprising small dense to large buoyant LDL particles). How-
ever, it is interesting to note that the differences between both models
derived from cryo-EM and SANS are not isotropic. Differences are less
pronounced at the flattened poles and concentrate in the “belt” of LDL,
often associated with apo B-100 regions. As noted from early LDL SANS
experiments [20], the protein does not extend far beyond 1 nm from the
phospholipids' surface, and it is very likely that our cryo-EM map
“misses” some parts because of the protein's flexibility. Generally, in
cryo-EM, highly flexible parts result in blurred densities, as seen for
instance in [80-83], or in extreme cases in their total disappearance
from the final map, like the central part of the nuclear pore complex
[84,85].

It is still an open question why the total number of LDL protrusions
we observed differed with respect to the experimental method. 3D
classification in Cryo-EM yielded classes comprising only the “side”,
only the “front”, or both protrusions. HS-AFM revealed the presence of
none up to three protrusions. The absence of a third protrusion in the
cryo-EM map might be explained by a combination of several factors: it
might have a slightly larger flexibility, might be smaller in size, com-
bined with a lower general prevalence. However, when we look at the
protrusions from a different perspective — namely by looking at changes
in the density distribution in the lipid shell of the cryo-EM map — we
identify a third discontinuity in the lipid layer that might correspond to
the location of a third protrusion. The different numbers of protrusions
seen with HS-AFM might origin from the orientation of the LDL particle
on the mica surface. For some particles (which show no obvious pro-
trusion), we expect that there are protrusions that are not accessible by
the AFM-tip, whether it is due to LDL's orientation on the mica or mica-
protein interactions. We also suspect that a protrusion's position might
vary also on a longer timescale than being observed with HS-AFM. This
means that sometimes the protrusion might be closely attached to the
LDL surface or even buried within the particle being not detectable with
HS-AFM, sometimes it might be extending and being fully accessible.

With HS-AFM we were able to directly follow conformational changes of
LDL over several seconds. The observed motions can be attributed to
fluctuations of the flexible domains of Apo B-100. In general, on even
smaller time- and length scales one can observe quite localized dynamics
of protein side-chain and backbone motions [79,86]. On the other end of
the scale are motions of the entire protein. Rotation and translation of
apo B-100 on LDL is highly influenced due to its embedding in a lipid
environment. Our data from earlier neutron elastic scattering experi-
ments supports the enhanced dynamics of lipoproteins. Mean square
displacements (MSDs) of LDL and very low density lipoprotein (VLDL)
are in a range of 2-3 A% [29,30], whereas the MSDs of globular proteins
are considerably smaller (~1 A [871.

The large flexibility of apo B-100 on the LDL surface is very well in
line with its functionality. During the conversion from VLDL (> 50 nm)
to LDL (22-30 nm) in lipoprotein metabolism, huge conformational
changes are necessary, which are also reflected in the molecular dy-
namics, viscosities, fluctuations as well as motional coupling between
apo-B100 and lipids being distinctly different between VLDL and LDL
[29]. In addition, in a recent study we have shown that apo B-100 in its
detergent-solubilized form exhibits a non-negligible internal diffusion
propensity [88]. At the nanosecond time scale, its order of magnitude
resembles those of centre-of-mass translational diffusion, and at the
picosecond scale large dynamics and great flexibility comparable to
lipids were detected [88]. The dynamics of apo B-100 on the LDL could
be expected to be similar: highly constrained by their environment, but
with significant internal dynamics, allowing adaptation to the various
lipoproteins' sizes [89]. Taken together, apo B-100's flexibility is a
crucial property of LDL — well in line with its function in metabolism, but
still far from being fully understood.

4. Conclusion

We report in this paper new 3D reconstructions of LDL, using the
state-of-the-art techniques cryo-EM and HS-AFM. Despite a challenging
3D reconstruction, due to the intrinsic complexity of the LDL particle, we
contribute with our findings to the incremental collective process in
elucidating the molecular structure of LDL. Our studies address the
following main points: First, due to an improved resolution compared to
the early 3D maps of LDL, the core- and shell organization of the lipids
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Fig. 8. A selection of different protrusion conformations recorded over time. The protrusions' movement is considerable and can adopt extended (e.g. A,C,E,I) or
compact states (e.g. B,D,F.G,H). The scale bar corresponds to 25 nm, the z scale corresponds to 10 nm in all images.

are refined and novel details could be unveiled: we demonstrate a fine
compartmentalisation of each CE plane, with two parallel planes of
higher electron density, intermitted by a region of less density. In each
plane the CE molecules might arrange as interdigitated bilayer or as
several tightly packed antiparallel monolayer structures, however, most
likely a combination of all architectures — in the form of a domain model.
In addition, a region of high density is identified close to the flattened
poles. We here expect free cholesterol being enriched, in a tight coor-
dination with phospholipids, which shifts the cholesterol several nm
towards the central core. Second, we could visualize two protrusions
extending the maps, that we termed “front” and “side” protrusions, as
well as discontinuities in the lipid layer, and attributed them to apo B-
100. The largest one, displaying a globular shape, and positioned along
the longest axis of the LDL, was associated with previous observations in

cryo-EM and thus assigned to the NH,-fo; domain, notably the f-barrel,
as compared to existing homologous models. The second protrusion,
which was never assessed before, is located approximately 13 nm apart
from the “front” protrusion and is characterized by an elongated 9 nm
vertical appearance, extending only ~2 nm from the LDL surface.
Despite the large dataset size and our efforts to isolate a homogeneous
subset of LDL particles by classification methods, we could not resolve
secondary structure elements of the protein. This is likely due to a large
conformational heterogeneity of LDL, especially evident in the protru-
sion regions. HS-AFM allowed visualising the moving protein in milli-
second time windows and underlined its extremely high flexibility. The
metabolic conversion from VLDL to LDL requires large structural ad-
aptations to the protein. Apo B-100 is an exception within the many
apolipoproteins that are constantly exchanged within different
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Fig. 9. Alignment of different frames from cryoSPARC 3DVA for three principal components. On the top view, the first volume is encircled by a black dashed line,
which is repeated along all frames to have a comparison. Scale bar: 10 nm. 3D map images are produced with UCSF ChimeraX [68,69].

lipoprotein species — apo B-100 is non-exchangeable and follows the
transition from VLDL to LDL. Understanding the basic principles that
connect structure, dynamics and function in health and disease are still a
great source of motivation for further studies. Comprehending structural
and dynamical features will lead to a new understanding of the patho-
logical mechanisms that lead to atherosclerosis and cardiovascular dis-
eases and in turn will open new avenues for advanced drug discovery.

5. Materials and methods
5.1. Sample preparation

The sample preparation is described in detail in the Supporting
Material. Briefly, CPD-buffered (citrate-phosphate-dextrose) human
plasma was obtained from the Department of Blood Group Serology and
Transfusion Medicine (Medical University of Graz, Austria), after writ-
ten informed consent, according to a protocol approved by the Institu-
tional Review Board of the Medical University of Graz. LDL isolation was
done by several ultracentrifugation rounds. To select a highly
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Fig. 10. Examples of 3D maps from cryoDRGN. In the center, UMAP representation of the latent space, where each point corresponds to one particle image. Top and
front views are shown for all volumes. The “front” and “side” protrusions are encircled by a dashed and dotted line, respectively. Scale bar: 10 nm. 3D map images are

produced with UCSF ChimeraX [68,69].

homogeneous population from an intrinsically heterogeneous pool of
LDL particles, LDL was further subfractionated according to its density
by lodixanol density gradient ultracentrifugation [90]. Cryo-EM mea-
surements were performed on an LDL subfraction with an estimated
density of p = 1.0286 + 0.004 g/cm®. Sample characterization was done
using the following methods: SDS-PAGE (3.5 % gel, modified after
Weber and Osborn), differential scanning calorimetry (DSC), and
negative-staining transmission electron microscopy (TEM). The chemi-
cal composition of LDL was assessed with colorimetric assays. All details
are presented in the Supporting Material (Table S1 and Figs. S6-S8).

5.2. Cryo-EM

5.2.1. Grid preparation

The grids were prepared and vitrified on the cryo-EM platform at the
Institut Européen de Chimie et Biologie (IECB, Bordeaux, France). A
carbon-coated grid R2/2300 mesh with a carbon layer of 2 nm was first
glow-discharged for 30 s, with an intensity of 25 mA and a negative
polarity, to make it hydrophilic. A volume of 4 pL of LDL sample with a
protein concentration of ¢ = 1 mg/mL was applied to the grid. Blotting
and vitrification were automatically done in a Vitrobot Mark IV system
(Thermo Fisher Scientific), with a blot time of 2 s and force 1, under 100
% humidity and temperature prior vitrification of T = 4 °C.

5.2.2. Data collection
The first screening was performed on a Talos Arctica (IECB,
Bordeaux, France). Two subsequent data collections were carried out on
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the Titan Krios G3 at the CMO1 beamline at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) [91]. Parameters of each
data collection are summarized in Table S2.

5.2.3. Image processing
The image processing was carried out using RELION 3.1 [92,93] and
cryoSPARC v3.2 [61].

5.2.4. Motion correction and CTF estimation

First, motion correction was applied to the movies using the
MOTIONCORR2 module from RELION. Estimation of the contrast
transfer function (CTF) was conducted in RELION with the CTFFIND
module [94] and in cryoSPARC with the patch-based CTF estimator.

5.2.5. Particle picking

In RELION, the particles on all micrographs were picked automati-
cally using the templates generated from manually picked particles on a
subset of micrographs. Additional sorting was performed with the
calculation of a Z score [93], and discarding of all junk particles (Z score
bigger than 1). In cryoSPARC, the template for automatic picking was a
LDL 3D reconstruction computed prior from RELION. In both software
packages, the picking parameters were optimized to reduce the number
of false positives, while recovering enough particles. Subsequent sorting
of the particles was conducted with several rounds of 2D classifications.

5.2.6. 2D classification
A specific procedure was followed in cryoSPARC for the 2D
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classification, which is summarized in Fig. S1 of the Supporting Mate-
rial. The two datasets collected on the Titan Krios were first processed
separately and merged after a selection of 2D classes. Additional sorting
of the particles was done with a 2D classification from all particles
(around 700 k particles). From there, six 2D classes were selected, which
present a good signal of the shell and visible protrusions of the LDL (see
the densities designated by arrows in Fig. 1B-E), while ensuring to keep
different views. This step aimed at isolating a representative subset of
particles exhibiting these extra-densities of interest, while balancing the
number of particles in the different views of the LDL.

Subsequent 2D classification of each of the six 2D classes was con-
ducted, followed by a selection of classes with strong protrusion signal to
achieve around 180 k particles in total.

5.2.7. 3D reconstruction

Ab initio reconstruction, followed by iterative refinement were
processed in cryoSPARC [61] with the selected 180 k particles from the
2D classification, and then with the whole dataset (700 k particles) with
the 180 k 3D reconstruction as reference. The resolution was estimated
for all following maps by a post-processing job in RELION, using the FSC
0.143 criteria (see FSC curves in Fig. S10 of the Supporting Material).
Sharpening was done with an ad-hoc B-factor of —500 A%, which was
chosen following first estimations given by the 3D refinement.

5.2.8. 3D classification

Different strategies for the 3D classification or local refinement were
followed in cryoSPARC. Finally, the whole dataset (700 k particles) was
randomly split in 100 k batches, from which a 3D map was refined from
the consensus map for each batch. 3D classification with K = 3 3D
classes was then performed on each subset, with K being the number of
classes. This resulted in around 25 classes, with <50 k particles in each
of them. Close inspection of all classes led to a rough separation in three
categories (termed S, F, and SF). Similar classes were then gathered and
refined to create the three maps presented in Fig. 4, with their corre-
sponding FSC shown in Fig. S10 (Supporting Material).

5.2.9. Variability analyses

Similar to the bootstrap analysis and the calculation of a 3D map
variance on the LDL reconstruction by [38], LDL flexibility was explored
in detail. For that purpose, the two main current algorithms for the study
of continuous heterogeneity were applied. First, the 3D Variability
Analysis (3DVA) from cryoSPARC [61] was applied using the three main
components of the partial component analysis. For each component, a
series of volumes (also termed as frames) was reconstructed along the
so-called latent coordinate, which indicates where the volume is along
the variability component. Secondly, the LDL reference map was pro-
cessed in the package cryoDRGN (Deep Reconstructing Generative
Networks), whose algorithm is based on neural networks [62,95].

CryoDRGN which parametrizes the structures and the conforma-
tional space is not handled by a linear description, as in contrary to
3DVA, and potentially accesses more complex variations. The corre-
sponding dataset was trained first for 50 epochs, at dimension 8 for the
latent variable 2z, as advised in [62]. From there, the latent space
exhibited a huge cluster of particles and small subsets visualized as junk
particles, which were thus removed. The remaining particles from the
cluster were then submitted for an additional training, until 75 epochs,
always at dimension 8.

5.2.10. Visualization

The 3D maps were displayed with UCSF ChimeraX [68,69], and the
threshold value for all maps was chosen to enclose a volume of V =
3.325.10° A%, which corresponds to the theoretical volume of an LDL
particle, as introduced in [35].
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5.3. High speed atomic force microscopy

5.3.1. Measurement

Mica discs (V-1 grade muscovite mica sheets, NanoAndMore GmbH,
Wetzlar, Germany) with a diameter of 1.5 mm were prepared and glued
onto glass rods (2 mm diameter, 2 mm length, Hilgenberg GmbH,
Malsfeld, Germany) with a two-component epoxy glue (UHU, Bolton
Adhesives, Rotterdam, The Netherlands). A glass rod was glued onto the
sample stage, using an acetone-diluted nail polish (Astor). After cleaving
the mica disc, LDL with a protein concentration of 1.5 pg/mL in buffer
(10 mM Tris/HCl, pH 7.4) was incubated for 3 min at RT and rinsed
three times with 2 pL buffer. The sample stage was mounted into the
liquid cell of the HS-AFM (RIBM, custom built after the design of Ando
et al. [96]). For imaging, ultra-short cantilevers (USC-F1.2-k0.15-10,
Nanoworld AG, Neuchatel, Switzerland) with nominal spring constants
of 0.1-0.15 N/m, resonance frequencies of ~500 kHz and a quality
factor of ~2 were used. The free amplitude was set to ~3 nm and the
setpoint amplitude to 85-90 %. Images were recorded on 100 nm x 100
nm areas with 256 x 256 pixels and scan rates of 239.59-315.15 ms/
frame. The measurements were conducted at 22 °C.

5.3.2. Data analysis

To improve the visualization and smoothness of the particles, a
Gaussian filter (6 = 0.8) was applied, using Kodec 4.4.7.39 (©
2006-2008 N. Kodera, M. Sakashita, M. Imai).

The resolution of AFM images is dependent on the radius of the used
cantilever tip. As the tip is not infinitive thin, the scanned objects appear
larger in the scanning direction. To compare the LDL dimensions
measured with HS-AFM to the cryo-EM data, the real LDL diameters and
protrusion widths were estimated by subtracting the tip effect using the
following equation [77]:

FWHM = 2\/d<R+%>
where FWHM is the full width at half maximum of the LDL particle
diameter or the width of the protrusion, R the radius of the cantilever tip
(assumed to be 2 nm) and d the tip effect corrected diameter of the LDL
particle or protrusion.

Statistical analysis was conducted as followed: The individual pop-
ulations were tested for normal distribution (Shapiro Wilk test) and
homogeneity of variances (Folded F test). If the populations were normal
distributed and the variances were homogeneous, a t-test for indepen-
dent samples was conducted (See Fig. S3 B - Boxplot LDL height),
otherwise the non-parametric Mann-Whitney-U test was used (See
Fig. S3 A - Boxplot LDL width).

Before tracking the LDL protrusions, the videos were drift-corrected
using the “Image Stabilizer” plugin of Fiji [97] from Kang Li and Steven
Kang (https://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html).
To track the protrusion's mobility, the “Manual Tracking” plugin of Fiji
was utilized (https://github.com/fiji/Manual_Tracking). The area of the
protrusion's motion was calculated using the Fiji freehand selection and
analysis tool.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2023.126345.
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